In vitro Interaction of Nanoparticles with Mitochondria for Surface Enhanced Raman Spectroscopy and Cell Imaging by Mkandawire, Msaukiranji
 
 
In vitro Interaction of Nanoparticles with Mitochondria for 
Surface Enhanced Raman Spectroscopy and Cell Imaging 
DISSERTATION 
zur Erlangung des akademischen Grades 
Doctor rerum naturalium 
(Dr. rer.nat.) 
 
Vorgelegt 
 
der Fakultät Mathematik und Naturwissenschaften 
der Technischen Universität Dresden 
 
von 
 
MSc. Msaukiranji Mary Mkandawire 
aus Lilongwe, Malawi 
 
Tag der Desputation 15. October 2010 
 
                                 Gutachtung: 
1. Prof. Dr. rer.nat. habil. Gerhard Rödel 
2. Prof. Dr. rer. nat. habil Wolfgang Pompe 
Eingereicht am 02. Juli 2010 
 
 2
Promossionskommission 
Vorsitzender: Prof. Dr. rer. nat. habil. Christoph Neunhuis 
Mitglieder: 
1. Prof. Dr. rer. nat. Carstern Werner 
2. Prof. Dr. rer. nat. habil. Michael Mertig 
 
 3
Part of this work was published or is in process for submission. 
 
Contribution to journals: 
 
Mkandawire, M., Pohl, A., Gubarevich, T., Lapina, V., Appelhans, D., Rödel, G., Pompe, 
W., Schreiber, J., Opitz, J.: Selective targeting of green fluorescent nanodiamond conjugates 
to mitochondria in HeLa cells; J. Biophoton. 2 (10) (2009) 596-606. 
 
Hannstein, I.,Mkandawire, M., Rödel, G., Opitz, J., Lapina, V. and Schreiber, J.: 
Functionalised Nanodiamonds as Nanoagents in Materials and Life Sciences; Material 
Prüfung – Materials Testing 51 (10) (2009) 659-663.Dedicated to Prof. Dr. Dr. hc. mult. 
Michael Kröning to his 65th birthday. 
Contribution to conferences and publication in proceedings:  
Mkandawire, M., Pohl, A., Gubarevich, T., Lapina, V., Appelhans, D., Rödel, G., Pompe, 
W., Schreiber, J., Opitz, J.: Green fluorescent nanodiamond conjugates as bioimaging agents 
in HeLa cells, Hasselt Diamond Workshop 2010 SBDD XV, February 22-24, 2010, Hasselt, 
Belgium. 
Opitz, J., Pohl, A., Schreiber, J., Mkandawire, M., Krause-Buchholz, U., Rödel, G., Pompe, 
W., Gubarevich, T., and Lapina, V.: Nanodiamonds – a new quantum dot material and its 
possible applications in biology, Nanofair 2008, 6th International Nanotechnology 
Symposium: New Ideas for Industry, March 11–12, 2008, Dresden, Germany. 
Mkandawire, M., Lakatos, M., Krause-Buchholz, U., Aksoy, F., Springer, A., Rödel, G., and 
W. Pompe, W.: Intracellular delivery of Au nanoparticle labelled proteins, Nano-objects in 
living cells: from physics to physiology, September 1-4, 2008, Villeneuve d’Ascq, France 
Mkandawire, M., Sorge, M., Opitz, J., Schreiber, J., Pompe, W. and Rödel, G. 
Nanodiamonds: Novel nanoparticles for Biological imaging, Conference: Max Bergmann 
Symposium 2008: Molecular Designed Biological Coating, November 04-06, 2008, Dresden, 
Germany. 
 
 4
 TABLE OF CONTENTS 
TABLE OF CONTENTS........................................................................................................... 4 
ACRONYMS AND ABBREVIATIONS .................................................................................. 6 
ABSTRACT............................................................................................................................... 8 
1.0  INTRODUCTION.......................................................................................................... 10 
1.1  Motivation................................................................................................................. 10 
1.2  Aims of the research ................................................................................................. 11 
1.3  Current state of knowledge....................................................................................... 12 
1.3.1  Nanoparticles in biology ................................................................................... 12 
1.3.2  Au nanoparticles................................................................................................ 13 
1.3.3  Nanodiamonds................................................................................................... 21 
1.3.4  Mitochondria ..................................................................................................... 24 
1.3.5  The transfection process.................................................................................... 27 
2.0  MATERIALS AND METHODS................................................................................... 37 
2.1   Materials ................................................................................................................... 37 
2.1.1 Antibodies .......................................................................................................... 37 
2.1.2  Buffers ............................................................................................................... 37 
2.1.3  Chemicals and reagents ..................................................................................... 38 
2.1.4  Consumable materials ....................................................................................... 40 
2.1.5  General equipment ............................................................................................ 41 
2.1.6  Human cell lines................................................................................................ 41 
2.1.7  Kits .................................................................................................................... 42 
2.1.8  Media................................................................................................................. 42 
2.1.9  Microscopes and spectroscopy equipment ........................................................ 42 
2.1.10 Nanoparticles...................................................................................................... 43 
2.1.11 Plasmids and bacterial strains ............................................................................ 45 
2.1.12 Transfection reagents ......................................................................................... 45 
2.2  Methods .................................................................................................................... 47 
2.2.1  Targeting Au nanoparticles onto mitochondria for SERS ................................ 47 
2.2.2  Transfection of NDs conjugates for live cell imaging ...................................... 49 
2.2.3  Transfection of Au NP conjugates for photothermolysis.................................. 52 
3.0  RESULTS ....................................................................................................................... 57 
3.1  In vitro targeting of Au nanoparticles to isolated mitochondria............................... 57 
 
 5
3.1.1 Isolation of mitochondria from breast cancer cells and fibroblast cells............. 57 
3.1.2  Raman spectra of mitochondria......................................................................... 59 
3.1.3  Effect of Au NSs in SERS of isolated mitochondria ........................................ 64 
3.1.4  Raman spectra of mitochondria targeted with Au nanorods ............................. 69 
3.2  Transfection of NDs for live cell imaging................................................................ 72 
3.2.1  Uptake of NDs and nanodiamond conjugates into HeLa cells.......................... 73 
3.3 Targeting of Au NPs to mitochondria for photothermolysis in living cells .............. 78 
3.3.1 PULSin™-mediated targeting of Au NP conjugates to mitochondria ............... 78 
3.3.2  Protamine-mediated targeting of Au NP conjugates to mitochondria .............. 83 
3.3.3  Dendrimer-mediated targeting of Au NP conjugates to mitochondria ............. 84 
3.3.4  Irradiation of cells transfected with mitochondrially targeted Au NPs............. 86 
4.0 DISCUSSION.................................................................................................................. 90 
4.1  Interaction of Au NPs with isolated human mitochondria ....................................... 90 
4.1.1   Validation of mitochondrial purity.................................................................... 90 
4.1.2  Effect of Au NSs on SERS spectra of mitochondria......................................... 92 
4.1.3   Effect of Au nanorods on SERS spectra of mitochondria................................. 94 
4.2  Nanodiamonds as cell imaging agents...................................................................... 96 
4.3 Targeting of gold NPs to mitochondria for photothermolysis in living cells .......... 100 
4.3.1  Uptake of Au NPs using PULSin™................................................................ 100 
4.3.2 Selective targeting of antibody conjugated Au NPs using protamine.............. 102 
4.3.3 Dendrimer-mediated intracellular targeting of Au NPs to mitochondria......... 103 
4.3.4  Laser mediated mitochondrial permeabilization of cells ................................ 105 
5.0  CONCLUSION ............................................................................................................ 109 
6.0 REFERENCES............................................................................................................... 113 
7.0  APPENDIX .................................................................................................................... 127 
8.0  ERKLÄRUNG .............................................................................................................. 141 
9.0    ACKNOWLEDGEMENTS…………………………………………………………...142 
 
 6
ACRONYMS AND ABBREVIATIONS 
Ab-AuNR Antibody functionalized gold nanorods 
Ab-AuNS Antibody functionalized gold nanospheres 
Au NP (Au NPs) Gold nanoparticle (gold nanoparticles) 
Au NS Gold nanospheres 
Au NR Gold nanorods 
CHO Chinese hamster ovary  
CPP Cell penetrating peptide 
DNA Desoxyribose nucleic acid 
DSMZ Deutsches Sammlung von Mikroorganismen und Zellkulturen 
E.F. Enhancement factor 
eGFP Enhanced green fluorescent protein 
ER Endoplasmic reticulum 
FND Fluorescent nanodiamond 
HSPG Heparan sulfate proteo glycans 
hVDAC1 Human voltage dependent channel 1 
IMM Inner mitochondrial membrane 
IMS Intermembrane space 
kV Kilovolt 
LSPR Localized surface plasmon resonance 
LLLI Low level laser irradiation 
mitoTGFP (mitoTRFP) Mitochondrial localizing turbo green fluorescence protein (turbo 
red fluorescent protein) 
MTS Mitochondrial targeting sequence 
OMM Outer mitochondrial membrane 
PBS Phosphate buffered saline 
ROI Region of interest 
RT Room temperature 
s, min, h Units of time: second(s), minute(s), hour(s) 
SEM, STEM Scanning electron microscopy, scanning transmission electron 
microscopy 
SERS Surface enhanced Raman spectroscopy 
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UDD Ultra disperse diamonds 
UV Vis Ultra violet visible  
W, mW Watt, milliWatt 
W/cm2 Watt per square centimetre 
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ABSTRACT 
Mitochondria are an attractive target for the design of cancer therapy. One of the mechanisms 
by which chemotherapeutics destroy cancer cells is by inducing apoptosis through extrinsic or 
intrinsic apoptotic pathways. Extrinsic pathways target cell surface receptors whilst intrinsic 
pathways target mitochondria. Several studies have shown cancer cell destruction through the 
extrinsic pathways, which target cancer-specific overexpressed growth factor receptors on the 
cell membrane. Although the mitochondria dependent apoptotic process is well understood, 
its application in cancer therapy is still not well developed. Therefore, to design an effective 
cancer therapy targeting mitochondria, a good understanding in mitochondria dependent 
apoptotic process is required. Recent developments in nanotechnology have enabled live cell 
investigations and non-destructive methods to obtain cellular information. The availability of 
such information would assist to design methods of targeted apoptosis induction.  
 
In view of this, I report on studies towards development of cancer therapy where 
nanoparticles (NPs) were targeted to human cell mitochondria for two purposes: (a) 
development of cell-imaging tools to investigate the fundamental cell biological pathways 
inside cells and (b) induction of apoptosis by targeting nanoparticles to mitochondria. Current 
medical and biological fluorescent imaging methods are mainly based on dye markers, which 
are limited in light emission per molecule, as well as photostability. Consequently, NPs are 
gaining prominence for molecular imaging because of their strong and stable fluorescence. 
 
Additionally, in order to get insight of mitochondrial molecular information, I investigated the 
use of optical properties of gold nanoparticles (Au NPs) for surface enhanced Raman 
spectroscopy (SERS). In this study, two types of Au NPs - nanospheres (Au NS) and 
nanorods (Au NR) were investigated. Results from this study showed the enhancement effect 
of Au NPs in Raman spectra of mitochondria, especially in the region from 1500 to 1600 cm-
1. In this region, normal Raman spectra of mitochondria showed the presence of some 
understated Raman peaks probably due to the excitation wavelength dependence. Au NRs 
showed a larger enhancement effect than Au NS with respect to the penetration depth of the 
plasmonic nearfield enhancement effect. Although, the details of the enhancement mechanism 
are beyond the current studies, Au NPs could be enhancing vibrations of aromatic residues in 
proteins.  This study therefore showed that Au NPs could enhance Raman spectra of 
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mitochondria and in addition the shape of the nanoparticles had a significant effect on SERS 
spectra. 
 
In living cells, I investigated some transfection methods and targeting of NPs to mitochondria 
or cytosolic actin subunits. I tested the performance of three transfection reagents to deliver 
nanodiamonds (NDs) into living cells. Antibody functionalized NDs were targeted to 
mitochondria or cytosolic actin subunits. Three transfection reagents were used: cationic 
liposomes PULSin™, the cell penetrating peptide protamine, and oligosaccharide modified 
polypropylene imine (PPI) dendrimers. Fluorescence imaging results revealed that dendrimers 
were the most efficient in delivering ND conjugates to targeted organelles. Protamine-
mediated transfections appeared to target ND conjugates to intended organelles, although 
there was a tendency of unfunctionalized NDs to be directed to the nucleus. PULSin™-
mediated transfection formed ND aggregates regardless of the functionalization moiety. This 
reflected the unsuitability of the cationic liposome to mediate ND transfections.  
 
Further, I investigated the potential use of Au NPs for cell imaging and photothermal lysis of 
mitochondria inside cells. Just as above, I also tested the performance of the three-transfection 
reagents mentioned above on transfection capacity of Au NPs into living cells. Using 
transmission electron microscopy (TEM), oligosaccharide modified dendrimers showed the 
best transfection of functionalized Au NPs. Further experiments explored the use of the 
nearfield enhancement effect of Au NPs in combination with low-level laser irradiation 
(LLLI) to induce apoptosis in living cells. Analysis of the apoptotic process using cytochrome 
c release showed that Au NPs induced apoptosis most probably through mechanical 
disruption of the outer mitochondrial membrane. However, apoptosis was significantly 
accelerated in cells with mitochondrially targeted Au NRs than in cells without Au NRs. This 
study showed successful targeting of Au NPs to mitochondria in living cells, and 
demonstrated the potential of using Au NPs in combination with laser irradiation to induce the 
mitochondria dependent apoptotic pathway.  
 
In conclusion, the potential use of Au NPs in SERS of mitochondria and the application of 
NDs for cell imaging of intracellular organelles were demonstrated. Lastly, Au NPs were 
targeted to mitochondria in living cells and could induce apoptosis due to mechanical 
disruption of the outer mitochondrial membrane. Consequently, application of low-level laser 
irradiation to Au NP transfected cells accelerated the apoptotic process. 
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1.0  INTRODUCTION 
1.1  Motivation 
Mitochondrial defects have long been suspected to play an important role in the development 
and progression of cancer (Barnard and Berners-Price, 2007). Prominent features of cancer 
cells include metabolic imbalances and enhanced resistance to mitochondrial apoptosis.  
Several mechanisms have been proposed to explain this phenomenon, including the up-
regulation of rate-limiting steps of glycolysis, the accumulation of mutations in the 
mitochondrial genome, the hypoxia-induced switch from mitochondrial respiration to 
glycolysis or the metabolic reprogramming resulting from the loss-of-function of enzymes 
like fumarate and succinate dehydrogenases (Kroemer, 2006). The link between the 
mitochondrial processes and apoptosis resistance remains a topic of intense research.  
Nevertheless, mitochondria have been an attractive target for the design of cancer therapy 
(Galluzzi et al., 2006). For instance, one of the mechanisms by which chemotherapeutics 
destroy cancer cells is by inducing apoptosis through mitochondrial membrane 
permeabilization (MMP) (Debatin et al., 2002). Therefore, it is important to understand the 
processes that take place in mitochondria of such cancerous cells. One technique to study the 
fundamental cell biological pathways inside organisms in a non-invasive manner is through 
cell imaging.  
 
Cell imaging enables the visualization of physiological process in living organisms with little 
disturbance to cell physiological processes (Minchin and Martin, 2010). Important tools for 
cell imaging are biotags or labels. Current medical and biological fluorescent imaging 
methods are mainly based on organic dye markers, which are limited in light emission per 
molecule, as well as photostability (Fu et al., 2007). Thus, fluorescent NPs are becoming 
promising tools for molecular imaging because they offer strong and stable fluorescence 
(Wolcott et al., 2006) 
 
Several studies have reported on the delivery of nanoparticles inside cells, which has enabled 
the development of intracellular sensors capable of analyzing cell information at a molecular 
level (Kneipp et al., 2006b; Talley et al., 2004; Vo-Dinh et al., 2006). For example, Kneipp et 
al. (2006b) showed that contents of endosomes could be determined by SERS live imaging. 
Such sensors would provide molecular kinetic information over long periods. Talley and co-
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workers also developed intracellular pH sensors based on SERS. They incubated Chinese 
hamster ovary (CHO) cells with Au NPs functionalized with 4-MBA which is sensitive to 
changes in pH in the range between pH 6 and pH 8. Au NPs were taken up by the cells and 
internalized in vesicles. Specific Raman signals of the 4-MBA could be correlated to the pH 
of the vesicle in which the Au NPs were contained (Talley et al., 2004). Despite these 
developments, however, specific targeting of nanoparticles to intracellular organelles remains 
an area of intense research due to some challenges in the uptake mechanisms and intracellular 
trafficking of NPs. The main challenge is to target selectively biocompatible nanoparticles 
with superior optical properties to organelles or proteins in living cells to enable long term 
monitoring of cellular information or to influence a physiological process. 
 
Therefore, this study was, on one hand, motivated by the need to target nanoparticles to the 
mitochondria of human cancerous cells, while on the other it was motivated by the need to 
understand the process during the interaction of nanoparticles with mitochondria in cancerous 
cells. In order to study the targeting of nanoparticles to mitochondria, I searched for 
nanoparticles with superior optical properties for cell imaging. Hence, Au NPs and 
nanodiamonds (NDs) were selected due to their optical properties. One advantage of NDs is 
their reported low cytotoxicity and high photostability. For this reason, I used them for 
fluorescence imaging to document transfection processes in living cells. For SERS and 
photothermolysis applications, Au NPs were selected. One advantage of Au NPs is their low 
cytotoxicity (Mahmood et al., 2009). Another advantage is their ability to be excited in the 
visible and the near infra red (NIR) range. In this range, biological media have relatively low 
absorption (Tang et al., 2007). The most important optical property of Au NPs is the localised 
surface plasmon resonance (LSPR) effect. When Au NPs interact with an electromagnetic 
field, there is an enhancement of the electric field localised around the nanoparticles (Kelly et 
al., 2003; Willets and Van Duyne, 2007). This enhancement has already been exploited in 
plasmonic phototherapy of cancer cells as well as in cell imaging (Huang et al., 2006; Wax 
and Sokolov, 2009).  
 
1.2  Aims of the research 
The goal of this study was to investigate the use of nanoparticles for local cell imaging and in 
vivo manipulation cellular physiological processes. To achieve this goal, some problems of 
biological assays involving NPs needed to be solved. Therefore, the research had the 
following specific objectives: 
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• To target Au NPs to isolated mitochondria to enable collection of molecular 
information through SERS; 
• To target NDs to mitochondria and other intracellular structures in living cells for cell 
imaging; and, 
•  To selectively target Au NPs to mitochondria in living cells in order to trigger 
apoptosis upon low level laser irradiation. 
 
1.3  Current state of knowledge 
1.3.1  Nanoparticles in biology 
Due to their size-dependent physical and chemical properties, NPs are attractive in biology as 
very small probes that allow the study of cellular machinery, which is mostly in the 
nanometre size range. Nanoparticles exist in the same size range as proteins, which make 
nanostructured materials suitable for biotagging or labelling. However, size alone is not 
sufficient to use NPs as biological labels because most NPs are not biocompatible. 
Consequently, interaction between NPs with a biological target requires conjugation of the NP 
with a biological coating or layer acting as a bioinorganic interface. These biological coatings 
include antibodies, biopolymers like collagen, or monolayers of small molecules that make 
the NPs biocompatible (Salata, 2004). 
 
The preferred NPs in biology and medicines are those, which are either fluorescent or change 
their optical properties so that they can be used for optical detection techniques. Some 
commonly used NPs in biology and medicine are nanodiamonds, Au nanodots and quantum 
dots as fluorescent biological labels (Fu, Lee et al. 2007; Huang, Chen et al. 2009). 
Dendrimers as well as agglomerates of nanodiamonds have been used to embed drugs 
intended for slow release for in vivo studies (Huang et al., 2007a; Manunta et al., 2004). On 
the other hand, Au NPs can be used for surface plasmon resonance (SPR) sensors (Fumoto et 
al., 2009), SERS (Kneipp et al., 2005) and, tumour destruction via heating (hyperthermia) 
(Huang et al., 2006). 
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1.3.2  Au nanoparticles 
Au NPs are one of the major groups of NPs used for a wide variety of applications because of 
their tunability in size and shape, which influence their optical properties. In addition, they 
can be synthesised and stabilised in aqueous media. Although there have been some reports of 
cell line specific cytotoxicity of non functionalized Au NPs (Patra et al., 2007), Au NPs have 
been documented to be less cytotoxic than other metallic NPs such as silver NPs (Connor et 
al., 2005; Mahmood et al., 2009). Their applications in cell imaging include darkfield and 
fluorescence and in cell-based sensors, SPR assays, cancer photothermal therapy, 
transmission electron microscopy (TEM) as well as in SERS (Huang et al., 2007b).  
 
As mentioned above, the size and shape influence the optical properties of Au NPs. A drastic 
effect of the surface plasmons can be observed if the shape of Au NPs is changed. Au 
nanospheres (Au NS) exhibit a single plasmon resonance peak around 520 to 530 nm. When 
the shape changes to Au NRs, the plasmon absorption splits into two bands. The bands 
correspond to the oscillation of plasmons perpendicular or along the axis of the NRs. Hence, 
Au NRs exhibit two plasmon bands at 520 nm corresponding to the transverse mode of 
plasmon oscillations and another in the near infra red (NIR) region corresponding to the 
longitudinal mode of plasmon oscillations (Link and El-Sayed, 1999). 
 
1.3.2.1 Optical properties of Au nanoparticles 
Gold, like all other metals has readily mobile conduction electrons. When Au NPs are 
irradiated by light, the oscillating electric field causes conduction electrons to oscillate 
coherently. This is schematically illustrated in Figure 1. When the electron cloud is displaced 
relative to the nuclei, a restoring force arises from Coulomb attraction between electrons and 
nuclei that results in oscillation of the electron cloud relative to the nuclear framework. The 
density of electrons, the effective electron mass, and the shape and size of the charge 
distribution determine the oscillation frequency (Kelly et al., 2003). If the frequency of the 
exciting light matches with the resonance frequency of this collective oscillation, Au NPs, 
absorb the wave energy. This resonance frequency of oscillation is also known as– localised 
surface plasmon resonance (LSPR) and is manifested as extinction spectra in ultra violet 
visible (UV Vis) spectroscopy (Kelly et al., 2003; Willets and Van Duyne, 2007). 
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Figure 1: Schematic illustration of localised surface plasmons. When Au NPs are irradiated by light, the 
oscillating electric field causes the conduction electrons to oscillate coherently at a specific frequency. If the 
frequency of the exciting light matches with the resonance frequency of this collective oscillation, Au NPs, 
absorb the wave energy. This resonance frequency of oscillation is also known as– localised surface plasmon 
resonance (LSPR) and is manifested as extinction spectra in UV visible spectroscopy Source: (Willets and Van 
Duyne, 2007). 
 
The LSPR of NPs is influenced by the size, shape, material as well as the local dielectric 
properties of the surrounding medium. Therefore, when proteins are added to the medium, the 
maximum peak of the LSPR shifts accordingly upon protein adsorption (Geoghegan and 
Ackerman, 1977; Sokolov et al., 2003). The adsorption of functional proteins onto Au NPs 
has allowed the utilisation of the optical properties of Au NPs in various biological 
applications (Wax and Sokolov, 2009). 
 
1.3.2.2 Bioconjugation of Au NPs to functional proteins 
Au NPs attain molecular specificity through the conjugation of functional proteins such as 
monoclonal antibodies (Wax and Sokolov, 2009). Conjugation procedures have progressed in 
the last few years from adsorption of antibodies or proteins (Sokolov et al., 2003) to the use of 
amine reactive heterobifunctional cross-linkers (Loo et al., 2005) and, finally, to the 
directional attachment of antibodies (Kumar et al., 2007). Adsorption of proteins is usually 
performed at the isoelectric point of the protein and was initially developed for preparation of 
gold immunostains for electron microscopy (Geoghegan and Ackerman, 1977). The 
procedure was later modified for preparation of targeted gold NPs for optical imaging 
(Sokolov et al., 2003). Adsorption of antibodies on colloids is a relatively simple and an 
inexpensive method. However, this method does not allow control of the antibody orientation. 
The use of heterobifunctional cross-linkers offers an increased stability of the conjugates, 
however just like adsorption the antibody orientation cannot be controlled (Wax and Sokolov, 
2009). Kumar and co-workers recently developed a procedure of directional attachment of 
antibodies onto colloidal gold (Kumar et al., 2007). In the procedure, glycosylated antibodies 
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are oxidised to activate the carbohydrate on the Fc portion of the antibodies. This is the region 
of antibodies, which comprises two heavy chains and contributes to the constant domains of 
the antibody. The activated antibodies are then added to a heterofunctional linker and 
subsequently, to colloidal gold. Since carbohydrate groups are only found on the Fc portion of 
the antibody, linking using the carbohydrate group provides a suitable orientation for antigen 
binding (Kumar et al., 2007). Such bioconjugates have been used in applications ranging from 
imaging (Sokolov et al., 2003; Wax and Sokolov, 2009), plasmonic photothermal therapy of 
cancer cells (Huang et al., 2006; Zharov et al., 2005), sensing (Kumar et al., 2007; Talley et 
al., 2004) and also in SERS (Huang et al., 2007b). 
 
1.3.2.3 Surface enhanced Raman spectroscopy (SERS) 
In the quantum mechanics theory, the Raman effect is a scattering process between a photon 
and a molecule. As shown in Figure 2, incident photons are inelastically scattered from a 
molecule and their frequency is shifted by the energy of the characteristic vibrations of the 
molecule. Frequency shifted scattered photons either gain or lose energy depending on the 
state of the molecules upon interaction. If the molecules were in a ground state, the photons 
lose energy upon interaction with the molecule and scattered light appears at a lower 
frequency so called Stokes scattering. If the molecule was in an excited vibrational state, the 
photons gain energy from the molecular vibrations and scattered light appears at a higher 
frequency, so called anti-stokes scattering. Thus, the Raman effect probes vibrational levels of 
the molecules, which depend on the atom and bond strength and arrangements in a specific 
molecule. Therefore, Raman spectrum is a structural fingerprint of a molecule (Kneipp et al., 
1999). 
 
Fleischman and co-workers first observed an enhancement of Raman signals in a monolayer 
of pyridine molecules adsorbed on a roughened silver substrate (Fleischmann et al., 1974). 
They attributed the enhancement to an increase in the number of adsorbed molecules. 
However, a few years later the enhanced Raman signals were attributed to SERS metallic 
active substrates (Albrecht and Creighton, 1977; Jeanmaire and Duyne, 1977). Due to these 
substrates notably Ag or Au with sizes in orders of tens of nanometres, Raman scattered light 
was enhanced through two main effects: the “chemical first layer” and the electromagnetic 
effects (Kneipp et al., 1999). 
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In the “chemical first layer” effects, the Raman signal enhancement is related to electronic 
coupling between the molecule and the metal resulting in an electronic enhancement (Kneipp 
et al., 1999). Possible electronic SERS mechanisms would involve a resonance Raman effect 
due to either a new metal-molecule charge transfer electronic transition or a dynamic charge 
transfer between the metal and the molecule (Kneipp et al., 1999; Moskovits, 1985). In the 
electromagnetic enhancement mechanism, the enhanced Raman signal arises from the 
enhanced local optical fields where the molecule is in proximity to the metal surface due to 
the excitation of electromagnetic resonances (see Figure 2). The surface plasmon resonances 
are responsible for this excitation (Kneipp et al., 1999). Electromagnetic field enhancement 
factors have been calculated for isolated Ag and Au nanospheres and are in orders of 106 and 
107 in magnitude (Kneipp et al., 1999). 
 
Figure 2: A schematic illustration of SERS showing molecules (blue dots) attached to metal NPs (orange 
spheres). The electromagnetic SERS enhancement factor is determined by the fourth power of the field 
enhancement in the local optical fields of the metal NPs. Source: (Kneipp et al., 2006c). 
 
SERS enhancement levels are associated with enhanced local fields and enhancement factors 
depend on the morphology of Au NP (size, shape or aggregation) (Kneipp et al., 2006b). 
Kneipp and co-workers reported that Au nanospheres (Au NS) (20-60 nm) provided high 
SERS enhancement factors (Kneipp et al., 1997). Additionally, aggregated Au NSs seemed to 
provide extra field enhancement factors of up to 108 (See Figure 3) (Kneipp et al., 2006c).  
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Figure 3: Stokes (a) and (c) and anti-Stokes SERS (b) and (d) spectra of crystal violet attached to isolated (a) and 
(b) and aggregated gold nanospheres (c) and (d). Enhancement in anti-stokes shift due to aggregated Au NPs was 
observed to be significantly high. Source: (Kneipp et al., 2006c). 
 
It is possible to exploit the local field of noble metals in order to enhance Raman 
spectroscopic signal (Kneipp et al., 2006b). This happens when laser photons are absorbed by 
metal particles through oscillations of surface electron charge density (plasmons). The 
plasmon radiation can couple with molecules or crystals in close proximity and provide an 
efficient pathway of transferring energy to their vibrational modes, and generating detectable 
Raman photons (Huang et al., 2007b). 
 
For Au NSs, the localised electric field distribution is of lower magnitude than in Au NRs 
(See Figure 4 a and b). This is because in addition to the plasmon peak band at 528 nm, Au 
NRs have another band due to the longitudinal oscillation of plasmons at longer wavelengths, 
which significantly increases the local field distribution (Jain et al., 2006). In addition, sharp 
curvatures produce large scattering efficiencies, which tend to increase the electric field 
distribution around the NP (Christiansen et al., 2007). Therefore, the NPs show higher 
enhancement near the regions of high curvature (ellipsoidal or rod-shaped particles) than in 
spherical or near-spherical particles (Moskovits, 1985; Moskovits et al., 2002) (See Figure 4 a 
and b).  
 
Indeed, some studies have compared the influence of NPs size and shape in enhancement of 
Raman scattering and have shown that NPs with sharp curvatures show a higher enhancement 
than spherical NPs (Boca et al., 2009; Sabur et al., 2008). But it was recently reported that 
curvature of the NPs alone does not determine enhancement factors (Le Ru and Etchegoin, 
2009a). Experiments which involved NPs as SERS substrates showed that enhancement is 
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dependent on several factors (Le Ru and Etchegoin, 2009a). It was observed that aggregated 
NPs produce large enhancements due to narrow gaps in clusters which are formed when the 
NPs aggregate (Imura et al., 2006; Kneipp et al., 2006b; Michaels et al., 2000). These clusters 
create so called “hot spots” (see Figure 4 c and d) which produce enormously enhanced 
Raman signals. The size of the hot spots was observed to be dependent on the geometry of the 
clusters, wavelength excitation as well as polarisation (Campion and Kambhampati, 1998; 
Kneipp et al., 1999; Le Ru and Etchegoin, 2004; Le Ru and Etchegoin, 2009b; Le Ru et al., 
2008).  
 
Enhancements also depend on the proximity of the adsorbate on the NPs (Le Ru and 
Etchegoin, 2009a). In single molecule detection, normally several molecules are adsorbed on 
NPs (Kneipp et al., 1999). In most cases the distance of the adsorbate to the NP is less that 10 
nm which is the minimum requirement for SERS (Le Ru and Etchegoin, 2009a). In cases 
where the adsorbate is much larger than the NPs such as in bacteria, it was generally observed 
that only functional groups that were in close proximity to the metal were enhanced. 
Therefore the SERS spectra showed enhancement of selected peaks, most likely those close to 
the NPs (Efrima and Bronk, 1998).  
 
Adsorption of NPs onto molecules was also shown to be dependent on the nature of the 
interaction with the NPs, i.e whether NPs were chemisorbed or physisorbed (Le Ru and 
Etchegoin, 2009a). Chemisorption of NPs is documented to introduce new vibrational modes 
in the adsorbate leading to the appearance of new peaks or the disappearance of normal 
Raman scattering peaks or broadening of Raman peaks (Le Ru and Etchegoin, 2009a). In the 
case of physisorption, strong electric fields resulting from the NPs are known to alter Raman 
selection rules. This eventually leads to complexity in SERS spectra (Le Ru and Etchegoin, 
2009a).  
 
Finally, Imura and co-workers showed that polarisation of the exciting laser had a significant 
effect on the SERS effects in hot spots of dimers. They also observed some fluctuation of the 
signal due to orientation of the dye molecules on the dimer surface (Imura et al., 2006). 
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Figure 4: Electric field enhancement contours external to (a) nanosphere and (b) rod. The plot shows that the 
field contours are much more intense near rods surfaces than for the sphere contours. Planes plotted pass through 
the centre of the sphere, with (a) plane chosen perpendicular to the k direction, with E along the abscissa and (b) 
plane chosen to contain k and E, with k being the abscissa. In (c) Electric field enhancement contours external to 
a dimer of Ag NPs separated by 2 nm are shown, for a plane that is along the inter-particle axis and that passes 
midway throug the two particles. Image (d) shows a schematic representation of a hot spot. Molecules trapped 
within such hot spots undergo significantly high SERS enhancements. Sources: (Hao and Schatz, 2004; Kelly et 
al., 2003). Image (d) was taken from http://www.physics.unc.edu/project/rln/image/obj485geo499pg16p7.jpg 
 
On one hand, SERS has proved to be very important in ultrasensitive chemical analysis or in 
single molecule detection. For ultrasensitive detection of very small substances such as dyes, 
the molecules adsorb onto clusters of NPs (Figure 2) and in this case, the SERS effect is 
detected most outstandingly in the anti-stokes region (Kneipp et al., 2006c). On the other 
hand, SERS has also found some applications in biology whereby NPs adsorb onto relatively 
larger materials such as bacteria. In one study, Ag NPs were used to study the SERS spectra 
of bacteria (Efrima and Bronk, 1998). In this study, only selected Raman peaks were observed 
to be enhanced. The authors therefore suggested that the selective enhancement of Raman 
peaks could be due to the thiol, amino or carboxylate groups in close proximity to the Au NPs 
(Efrima and Bronk, 1998). 
 
1.3.2.4 Applications of Au NPs in biology 
Due to their optical properties, Au NPs are relevant in a number of biological or medical 
applications (Wax and Sokolov, 2009). One such application is the plasmonic 
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photothermolysis of cancerous cells (Huang et al., 2006; Sokolov et al., 2003; Zharov et al., 
2005). When Au NPs are irradiated with a laser (continuous wave as well as laser pulses), the 
absorbed energy may undergo either radiative or non-radiative decay (Link and El-Sayed, 
2000). In radiative decay, the electrons in the Au NPs are heated up to high temperatures, 
which in turn, form heated zones localized around the particle (Link and El-Sayed, 2000). 
Consequently, it is possible to selectively kill cells, which are loaded with Au NPs (Zharov et 
al., 2005). The principle is summarized in Figure 5. 
 
 
Figure 5: Principle of selective nanophotothermolysis of cancer cells targeted with gold nanoclusters. (a) The 
human breast adenocarcinoma cell (MDA-MB-231) targeted with primary antibodies (Abs) IgG (F19), which are 
selectively attached to surface proteins (seprase); secondary Ab-goat antimouse immunoglobulin G, conjugated 
with 40-nm gold NPs, is selectively attached to the primary Abs. (b) The schematics of laser-induced 
overlapping of heated zones and bubbles from the NPs attached to cell membrane. Source: (Zharov et al., 2005). 
 
Another important application of Au NPs is SERS (Huang et al., 2007b). Intracellular 
application of SERS potentially offers the elucidation of cellular information at a molecular 
level (Kneipp et al., 2006b). Further, antibody functionalized SERS based nanoprobes are 
capable of detecting caspase activity in living cells (Vo-Dinh et al., 2006). In another study in 
which a SERS based pH biosensor for single living cells was developed, intracellular pH 
changes could be detected (Scaffidi et al., 2009). In this study, a sub micron optical fibre 
coated with a 6 nm Ag film was functionalized with para-mercaptobenzoic acid (pMBA). Due 
to the pH sensitivity of the carboxyl group of pMBA across a physiological range, the 
nanoprobe was rendered pH sensitive. The resulting SERS active pH sensitive nanoprobe was 
physically inserted into a cell to monitor pH changes inside single cells. In this case it was not 
possible to monitor pH changes over a long period because the insertion of the nanoprobe 
took not more than 30 s (Scaffidi et al., 2009). 
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Long term monitoring of endosomes using more biocompatible Au NPs was reported by 
Kneipp and co-workers in (2006) (Kneipp et al., 2006a). In their studies, unfunctionalized Au 
NPs were taken up by endocytosis in HeLa cells. Time lapse Raman measurements of 
endocytic structures over a period of 30 h could detect some of molecules adsorbed on the Au 
NPs. In addition, two different cell lines, a macrophage and an epithelial cell line showed 
spectral differences in the endosomal composition (Kneipp et al., 2006a). The reported 
examples of SERS based intracellular assays affirm the need of obtaining information from 
cells at a molecular level using nanobiosensors.  
1.3.3  Nanodiamonds 
1.3.3.1 Synthesis and properties of nanodiamonds 
In fluorescence imaging, quantum dots have superior properties in terms of quantum yield and 
photostability (Fu et al., 2007). However, they are cytotoxic and have blinking behaviour (Fu 
et al., 2007). The quest for non-cytotoxic and photostable cell imaging agents led to the 
development of carbon based group of cell imaging agents. NDs are probably one of such 
biomarkers for long-term in vivo imaging. Currently, there are two types of nanodiamonds 
used in biological applications (Bondar and Puzyr’, 2004; Chang et al., 2008). The two forms 
of nanodiamonds have different sizes and optical properties depending on their synthesis 
processes. 
 
The first type of NDs is detonational diamonds, also known as ultra disperse diamonds 
(UDDs). The UDD crystals have a diameter of 4-7 nm and have distinct fluorescence 
emission in the range of 475 to 500 nm. Their fluorescence stems from the quantum size of 
the crystals as well as some surface effects of the NDs. The nanometre-sized diamonds were 
initially observed in detonation soot (Greiner et al., 1988). The UDDs are obtained from a 
detonation-assisted decomposition of oxygen deficient mixtures of TNT and hexogen 
(Trinitrotoluene/Cyclotrimethylenetrinitramine) carried out in a non-oxidising environment 
(Baidakova and Vul’, 2007). After detonation, the temperature drop and the cooling rate, 
which mainly depends on pressure-temperature parameters, determine the crystallization 
kinetics of NDs (see Figure 6). Thereafter, NDs are purified through mechanical and chemical 
methods. Chemical purification using acids at high temperature is considered an efficient 
purification method, which remove up to 95% of impurities mainly from the surface of NPs 
(Baidakova and Vul’, 2007). These UDDs exhibit a photoluminescence, which could be 
useful for bioassays as most NP-based bioassays use fluorescence for characterization of 
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biological processes (Zhao et al., 2004). However, due to high surface energy, ultra disperse 
diamonds are mostly present in aggregates and impurities embedded in nanodiamond 
aggregates are difficult to remove by wet chemistry.  
 
 
Figure 6: Pressure –temperature phase diagram for carbon showing the regions for bulk and nanodiamond 
syntheses: (1) P–T conditions for synthesis of detonation NDs from explosives and the kinetics of cooling of the 
detonation products in wet (2) and dry (3) syntheses and (4) the region for high-pressure and high-temperature 
synthesis of diamond from graphite. Source: (Baidakova and Vul’, 2007).  
 
The second type of NDs, perhaps also the most widely used NDs in biology is the fluorescent 
NDs (FNDs). FNDs are synthesized by irradiating larger NDs (> 100 nm) using 40 keV He+ 
ion beam followed by thermal annealing at 800–1000 °C (Chang et al., 2008; Fu et al., 2007). 
The high-energy beams create vacancies in the crystal lattice of diamonds which are immobile 
at room temperature but migrate at high temperatures (>700°C) (Mita, 1996). Nitrogen atoms, 
which are a dominant impurity in most NDs, produce lattice strains in the diamond lattice. 
Upon exposure to high temperatures, they capture the mobile vacancies thereby creating the 
so-called nitrogen vacancy centres (Davies et al., 1992; Mita, 1996). The nitrogen vacancy 
absorbs at ~560 nm and emits at ~700 nm (Chang et al., 2008; Fu et al., 2007).  
UDDs have been less commonly used in cell biology applications than FNDs probably 
because they have a lower fluorescence than FNDs (Fu et al., 2007; Krueger, 2008; Zhao et 
al., 2004). In this work, more attention was given to UDDs in order to explore some 
applications of UDDs in cell biology. 
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1.3.3.2 Bioconjugation of NDs to functional proteins 
The surface chemistry of UDDs is contolled by various functional groups, which have both 
disadvantages and advantage. The disadvantage is that these functional groups are partly 
responsible for the aggregation formation of NDs (Krueger, 2008). The advantage is that the 
surface chemistry of UDDs provides possibilities of functionalization of NDs with other 
molecules for biological applications. Many functional groups among them carboxylic, 
carbonyl, lactone, ether and hydroxyl groups are present on the surface of NDs (Baidakova 
and Vul’, 2007) (see Figure 7). These functional groups have the potential to form conjugates 
with bioactive molecules for applications in bioassays. Such bioconjugates of NDs with 
targeting molecules would be a useful alternative to secondary antibodies in cell biology for 
fluorescent immunodetection. 
 
 
Figure 7: Cluster structure of UDDs and surface functional groups on the surface of UDDs. NDs are composed 
of an inner diamond core and an outer graphitic shell with various functional groups. These groups render NDs 
prone to aggregation. On the other hand, the functional groups can serve as attachment points to proteins. 
Source: (Krueger, 2008). 
 
1.3.3.3 Nanodiamonds in bioassays 
Due to their superior physical properties, NDs have found more applications in technical and 
biomedical devices as coatings of metallic surfaces (Burkat and Dolmatov, 2004; Hannstein et 
al., 2009) or as abrasives. However, UDDs have also been used as drug delivery agents 
(Huang et al., 2007a) or as nanodiamond-protein complexes for bioluminescent chips and 
biosensor applications (Chung et al., 2006; Puzyr et al., 2004). 
1.3.3.5 Biocompatibility of NDs in cellular assays 
In cell-based assays, biocompatibility of NPs is very important. Schrand and co-workers 
(Schrand et al., 2007a; Schrand et al., 2007b) showed through biochemical tests that NDs are 
not cytotoxic to most cell types and do not induce the production of reactive oxygen species 
(ROS) when incubated with various cell lines. Another study also found no cytotoxicity of 
NDs in A549 lung epithelial cell line (Liu et al., 2007). Both these studies used mitochondrial 
function (MTT assay) to assess cytotoxicity. However, another group found that four-hour 
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exposure of NDs to human airway epithelial cells (HAEC) increased the levels of IL-8 
protein, an inflammatory response protein by increasing the half-life of the mRNA transcript 
of IL-8. These findings suggest that inhalation of NDs powders could cause inflammatory 
responses in the human lung (Silbajoris et al., 2009). In vivo studies using NDs have not yet 
been documented. 
 
Thus, NDs still have potential prospects as biomarkers because they are biocompatible. In 
addition to the optical and biocompatibility properties, NDs can be easily functionalized via 
the attachment of biological molecules such as proteins (Fu et al., 2007; Kong et al., 2005). 
This has further advanced the possibility of developing bioconjugates, which could promote 
cellular and molecular imaging studies. 
1.3.4  Mitochondria 
Mitochondria are membrane-enclosed organelles with own heredity material and an 
autonomic system of protein biosynthesis found in most eukaryotic cells. They range from 
0.5–10 μm in diameter and are an important site for oxidative phosphorylation. They are 
responsible for supplying cellular energy through generating most of the cell's supply of 
adenosine triphosphate (ATP). Mitochondria are also involved in processes such as signalling, 
cellular differentiation, cell death, as well as the control of the cell cycle and cell growth 
(Alberts et al., 2008). Mitochondria consist of outer and inner membranes composed of 
phospholipid bilayers and proteins (Alberts et al., 2008). The space between the outer 
mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM) is known as 
intermembrane space (IMS). The matrix, which is the space enclosed by the IMM, contains 
mitochondrial DNA, tRNA and enzymes. Although the two mitochondrial membranes are in 
close contact, the function and composition of the two membranes are different (Daum, 1985; 
Lomize et al., 2006).  
The OMM, which encloses the entire organelle, has a phospholipid to protein ratio of 1.2 (by 
weight), similar to that of the eukaryotic plasma membrane. (Sperka-Gottlieb et al., 1988) The 
major component of the outer mitochondrial membrane is phosphatidylcholine, which makes 
up to 46% of the total lipid content followed by phosphatidylethanolamine (32.6%) and then, 
phosphatidylinositol (10.2%) (Lomize et al., 2006). Phosphatidylserine, phosphatidic acid and 
cardiolipin make up 1.2, 4.4 and 5.9% of the total lipid composition of the OMM respectively 
(Lomize et al., 2006). The OMM also contains a large numbers of integral proteins called 
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porins or hVDAC1 (Alberts et al., 2008). In addition to hVDAC1, embedded in the OMM are 
number of proteins arranged in different orientations (Lomize et al., 2006). Figure 8 shows a 
possible orientation of some of the proteins in the outer mitochondrial membrane. Because the 
outer membrane is freely permeable to small molecules, the concentrations of small molecules 
such as ions and sugars in the intermembrane space are the same as the cytosol (Alberts et al., 
2008). 
 
Figure 8: A possible hypothetical depiction of the outer mitochondrial membrane (OMM) indicating the 
structural components of the OMM (Lomize et al., 2006) The OMM is composed of the lipid bilayer whose 
major component lipid is phosphatidylcholine and proteins which are associated with the lipid bilayer in 
different orientations. The figure was adapted using information from the online database on orientation of 
proteins in membranes (Lomize et al., 2006) and from http://www.kathleensworld.com/mitochon.html. 
 
The lipid composition of the inner mitochondrial membrane consists of phosphatidylcholine 
(38.4 %), phosphatidylethanolamine (24 %), phosphatidylinositol (16.2 %), cardiolipin (16.1 
%), phosphatidylserine (3.8 %) and phosphatidic acid (1.5 %) (Lomize et al., 2006). The IMM 
contains more than 100 different polypeptides, and has a very high protein-to-phospholipid 
ratio (more than 3:1 by weight), which is about 1 protein for 15 phospholipids (Alberts et al., 
2008). The inner membrane contains about a fifth of the total protein in a mitochondrion and 
is characterised by the presence of the acidic phospholipid cardiolipin (Alberts et al., 2008; 
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Daum, 1985). The constitution and conformation of these complexes determine the function 
and bioactivity of mitochondria.  
 
In addition to metabolic function, mitochondria are also important in apoptosis. There are two 
main apoptotic pathways both of which involve caspase activation: extrinsic and intrinsic 
pathways (Cai et al., 1998). Caspases are a family of cysteine proteases that play an important 
role in cell death. The extrinsic route is initiated by cell surface receptors and leads directly to 
activation of caspase 8, whilst the intrinsic pathway is the one that is regulated by 
mitochondria. The mitochondrial stage of apoptosis control precedes caspase activation. The 
main role of mitochondria is to regulate the release of proteins from the IMS into the cytosol 
which in turn activates caspases (Cai et al., 1998). Specifically, when cytochrome c is 
released from mitochondria, it binds to apoptosis factors in the cytosol thereby activating the 
assembly of the apoptosome that in turn activates caspase 9 (Bao and Shi, 2006). Following 
the caspase signalling cascade, mitochondria fragment and cells start to undergo degradation. 
Apoptotic cells show morphological features such as cell shrinkage, chromosome 
condensation, nuclear envelope breakdown, cell membrane blebbing and finally the cells 
break down into apoptotic bodies (Taylor et al., 2008). The release of cytochrome c from 
mitochondria is commonly used in apoptosis assays (Suen et al., 2008) (see Figure 9). 
 
Figure 9: Cytochrome c release during apoptosis. The confocal image shows multiple HeLa cells treated with 
actinomycin D and z-VAD-FMK (caspase inhibitor). Green represents cytochrome c immunofluorescence. (1) 
Healthy cells show “spaghetti”-like staining of mitochondria indicating the presence of cytochrome c within 
mitochondria. (2) During early stages of apoptosis, mitochondria fragment but some cytochrome c is retained in 
mitochondria. (3) Progressively later stages of apoptosis also show fragmented mitochondria and diffused 
staining in the cytosol indicating that cytochrome c is being released into the cytosol. (4) Following complete 
release, cytochrome c is no longer contained within mitochondria. The time course for cytochrome c has been 
 
 27
shown to be relatively fast and complete, indicating that mitochondrial fragmentation occurs immediately prior 
to or during the cytochrome c release process. Source: (Suen et al., 2008).  
1.3.5  The transfection process 
In cellular imaging, there are various methods of introducing NPs inside the cells. In order to 
overcome the cell membrane barrier, translocation of NPs into cells is facilitated either 
physically or chemically. Physical approaches employ a physical force that permeabilizes the 
cell membrane and facilitates intracellular transfer. These include needle injection, 
electroporation, gene gun, ultrasound, and hydrodynamic delivery. Chemical approaches use 
synthetic or naturally occurring compounds to deliver cargo into cells. For NPs, the most 
common method is the use of chemical carriers also known as transfection reagents (Minzter, 
2009). 
 
Transfection is a stepwise procedure consisting of four major processes: (1) interaction of the 
transfection complex with the extracellular matrix; (2) translocation through the cellular 
membrane; (3) intracellular trafficking; and, (4) endosomal escape. Some of the most 
commonly used transfection reagents such as cationic lipid formulations, dendrimers or cell-
penetrating peptides share some similarities and some differences in the transfection 
mechanisms (Pujals et al., 2006; Minzter, 2009; Zuhorn and Hoekstra, 2002).  
 
In general, transfection mediated by cationic liposomes, dendrimers as well as cell penetrating 
peptides (CPPs) follow a receptor mediated endocytic pathway (Pujals et al., 2006; Zuhorn 
and Hoekstra, 2002). The pathways may be clathrin dependent, caveolin dependent or through 
macropinocytosis (See Figure 10). Regardless of the internalisation pathway, the first step in 
the transfection process involves the interaction of the complex with the extracellular matrix 
(Pujals et al., 2006). Here, I will present the four steps of transfection process relating to 
cationic liposome, protamine CPP or dendrimer-mediated transfection.  
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Figure 10: A schematic representation and transmission electron and scanning electron microscopy images of 
putative structures known or thought to be involved in endocytosis. Worth noting is the variability of the 
morphology of the endocytic structures. Transfection-productive entry of lipoplexes and polyplexes into cells 
can be accomplished via clathrin-mediated endocytosis, caveolae mediated endocytosis and macropinocytosis. 
None of these pathways is mutually exclusive. Clathrin independent carrier- GPI-anchored protein early 
endosomal compartment (CLIC-GEEC) type of endocytosis was shown for GPI liked proteins, IL2Rß pathway 
for cytokine receptors, Arf6 for MHC class I protein, flotillin dependent endocytosis for proteoglycans and 
entosis for matrix-deligated cells. Source: (Doherty and McMahon, 2009). 
 
1.3.5.1 The transfection process in cationic liposomes 
Cationic liposomes are vesicles made up of cationic lipids, which due to their cationic nature 
are able to bind and transport negatively charged DNA inside cells (Felgner et al., 1987). The 
liposomes for transfection are most commonly synthesised from N-[1-(2,3-
dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA) and N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTAP). Synthetic cationic 
liposomes were first reported to transport DNA into cells by Felgner and co-workers (Felgner 
et al., 1987). Since then, many improvements in liposome formulations have been developed, 
to incorporate endosome disrupting mechanisms (Síkalko et al., 1998) Figure 11 shows a 
schematic drawing of a liposome. Phospholipid molecules are synthetically assembled such 
that the hydrophobic phases interact forming a spherical complex with a hydrophilic core. 
When DNA, proteins or drugs interact with the liposomes, they are incorporated into the core 
and can be transported across membranes. When liposomes form a complex with cargo, they 
are referred to as polyplexes. Figure 12 shows an optical micrograph of green fluorescent 
latex beads encapsulated within DPPC liposomes (Shum et al., 2008) Similarly, DNA or 
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proteins are encapsulated in cationic liposomes during transfection into cells (Friend et al., 
1996). 
 
Figure 11: A scheme of a liposome showing the arrangement of phospholipid molecules that form a spherical 
complex with a hydrophilic core where DNA or proteins are encapsulated. Adapted from (Lasic, 1997). 
 
 
Figure 12: Optical micrograph of yellow-green fluorescent latex microspheres encapsulated inside DPPC 
liposomes vesicles stained with 0.02 mol % texas red labelled DHPE for visualization. (b) Overlay of two 
fluorescent images of the same vesicles as in (a). The microspheres remain encapsulated within the vesicles. 
Taken from (Shum et al., 2008).  
 
The first step of the transfection process, which involves the interaction of the transfection 
complex with the extracellular matrix, is consistent with the requirement of positive charge 
for effective transfection. It has been shown that cationic liposomes have higher transfection 
efficiency than neutral lipoplexes. Thus, the polar moiety is important in the electrostatic 
interactions of the liposome with extracellular matrix (Zuhorn et al., 2007). 
 
After binding to the cell surface, additional events such as receptor-driven clustering take 
place. Lipoplexes are directed to particular lateral domains of the plasma membrane which are 
capable of invagination such as like clathrin coats or caveolae, or at domains which enable the 
membrane engulf particles for internalisation via macropinocytosis (Hoekstra et al., 2007; 
Zuhorn et al., 2007). These “additional events” are thought to control the size of the 
 
 30
lipoplexes, which may vary between 150 and 1000 nm. Lipoplexes with an average size of 
150–200 nm are internalised through the clathrin-mediated pathway (Zuhorn et al., 2002) 
whilst larger polyplexes are internalised through either caveolar pathway or macropinocytosis. 
Lipoplex-mediated transfection has been shown to be mostly clathrin dependent (Hoekstra et 
al., 2007).  
 
For effective transfection, DNA must be released from the endosomes into the cytoplasm. 
Various research groups have proposed a model, which involves the destabilisation of the 
endosomal membrane in a stepwise process (Caracciolo et al., 2007a). The release of DNA 
from the complex by anionic lipids is thought to be due to a combination of electrostatic and 
hydrophobic factors (Xu and Szoka, 1996). After endocytosis of the complex, there is an 
interaction between the cationic lipids of the complex and the anionic lipids of the endosome, 
which results into the diffusion of anionic lipids into the complex which form a charge neutral 
pair with cationic lipids of the complex (Xu and Szoka, 1996). In this stage, DNA is very 
poorly released (See step 2 in Figure 13). Due to the complete charge neutralization of 
cationic membranes DNA unwinds and is released into the cytoplasm for import into the 
nucleus (See step 3 and 4 in Figure 13) (Caracciolo et al., 2007b; Xu and Szoka, 1996).  
 
In addition, in vitro experiments suggested that the release of DNA may also depend on the 
structural stability of the cationic liposome-DNA complex (Caracciolo et al., 2007a). In this 
proposed mechanism, optimally stable lipoplexes release DNA slowly into the cytoplasm 
where the DNA forms complexes with anionic proteins, which interact with cationic vesicles 
(See Figure 14). 
 
Figure 13: Mechanism of uptake and release of DNA by cationic lipids. Step 1: After electrostatic interactions 
with the cell membrane, cationic lipid/DNA complexes (lipoplexes) are endocytosed. Step 2: In early endosome 
membrane, destabilisation results in anionic phospholipid flip flop. Step 3: The anionic lipids diffuse into the 
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complex and form a charge neutral pair with cationic lipids. Step 4: DNA disassociates from the complex and is 
released into the cytoplasm. Source: (Xu and Szoka, 1996). 
 
 
Figure 14: Proposed mechanism of the interaction of lipoplexes (labelled as CL/DNA) with the anionic plasma 
membrane of the cell (gray). Electrostatic attractions let the lipoplex approach the anionic surface of the cell, and 
attachment is followed by endocytosis, resulting in endosomal entrapment. The solid gray line represents a 
portion of the plasma membrane separating the inner and outer space of a cell. The less stable the lipoplexes, the 
earlier the dissociation of DNA in the cytoplasm (A). When naked, DNA may be easily digested by enzymes in 
the cytoplasm. Optimally stable lipoplexes (B) may release delivered DNA slowly into the cytoplasm, the event 
occurring through interactions with anionic proteins that readily form complexes with cationic vesicles. 
Lipoplexes that are too stable (C) do not fuse with the endosomes and do not allow for DNA release. Endosomal 
entrapment therefore results in a decrease in transfection efficiency. 
 
Unstable lipoplexes release DNA early thereby leading to cytoplasmic enzymatic degradation 
of DNA, whilst too stable lipoplexes do not release the DNA thereby leading to lysosomal 
degradation of DNA. Either case leads to a reduced transfection efficiency (Caracciolo et al., 
2007a). Figure 14 illustrates this proposed mechanism of the structural stability of lipoplexes 
in transfection. 
 
1.3.5.2 The transfection of cell penetrating peptides 
The second class of transfection reagents are cell-penetrating peptides (CPPs). CPPs are made 
of at most 30-32 amino acids that contain features, which allow them to translocate through 
membranes. Some of these CPPs contain positively charged amino acids or hydrophobic 
amino residues while some CPPs are amphipathic (Pujals et al., 2006). Earlier, it was thought 
that cationic cell penetrating peptides were internalized through receptor and endocytosis 
independent mechanism (Derossi et al., 1994; Suzuki et al., 2002; Vive`s et al., 1997). 
However, later studies have shown that internalization was through endocytosis (Drin et al., 
2003; Goncalves et al., 2005; Ziegler and Seelig, 2004). Similar to cationic liposomes, CPP 
mediated transfection is a stepwise process. 
CL/DNA 
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The first step in the transfection process involves the attachment of cationic CPPs to anionic 
cell surface proteoglycans such as heparan sulphate proteoglycans (HSPGs) (See Figure 15). 
Various methods have been used to confirm the interaction of CPPs with cell surface 
glycosaminoglycans (Pujals et al., 2006). For example Fuchs and co-workers showed that 
mutant CHO cells lacking cell surface glycosaminoglycans were unable to internalize Tat 
peptide (Fuchs and Raines, 2004).  
 
After interaction with extracellular matrix, ligand clustering takes place such that CPPs 
concentrate on the surface for subsequent internalization (Pujals et al., 2006). Both clathrin 
and caveolin mediated endocytosis occur in cationic peptide transfection (Al-Taei et al., 2006; 
Wadia et al., 2004). Although there are conflicting reports about the internalization 
mechanism of CPPs, it appears CPPs use various endocytic pathways depending on the cell 
type, concentration of the CPP as well as the type of cargo they are transporting into cells 
(Vive`s et al., 1997).  
 
Cellular internalisation mechanisms determine the cell compartment destination. In clathrin-
mediated endocytosis a degradative route is followed, from early to late endosomes, and 
ultimately to lysosomes (Figure 15 (3a)). If the caveolin-mediated route is taken then the 
vesicles are targeted either to the Golgi apparatus or to the endoplasmic reticulum (ER) 
(Figure 15(3b)) (Pujals et al., 2006) where they are sorted and targeted to other cellular 
organelles (Le and Nabi, 2003).  
 
The last step, which determines transfection efficiency, is the endosomal escape. Before CPPs 
reach lysosomes, they should escape from early or late endosomes for efficient targeting. The 
uptake of CPPs through clathrin-mediated pathway was confirmed (Al-Taei et al., 2006). 
Lipid raft/caveolin mediated endocytosis has been documented in studies by Wadia and co-
workers (2004). In their studies, they showed that CPPs were inefficient to escape from 
macropinosomes. CPPs remained trapped in the compartments 24 hours after transfection 
(Wadia et al., 2004). Furthermore, other authors also reported a retrograde delivery through 
the Golgi complex and the ER leading to the release of the CPPs into the cytosol (Fischer et 
al., 2004). However, if CPPs escape from endosomes, the actual mechanisms have not yet 
been elucidated.  
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Figure 15: Different steps in CPP-mediated intracellular delivery: (1) Interaction of the CPP (represented as a 
green bar) with the cell-surface proteoglycans (in red); (2) Endocytic pathway. (3a) Degradative route to 
lysosomes in clathrin-mediated endocytosis; (3b) CPPs ultimately reach the Golgi apparatus (in purple) or 
endoplasmic reticulum (ER, in grey) in caveolin-mediated endocytosis; and (3c) Endosomal release for nuclear 
import. The exact location of endosomal release has not yet been determined. Source: (Pujals et al., 2006). 
 
One of the cell penetrating peptides, which is capable to enter cells as well as the nucleus, is 
protamine (Reynolds et al., 2005). Protamine, a mixture of 4 proteins extracted from salmon 
roe, is in regularly used as an excipient in insulin formulations (Brange and Langkjaer, 1992; 
Brange and Langkjaer, 1997) and to reverse the anticoagulant properties of heparin (Carr and 
Silverman, 1999). In their natural role, protamines substitute histones in sperm chromatin. 
They compact sperm DNA into chromatin in the nucleus of the sperm (Balhorn, 2007). 
Protamine is rich in arginine and utilises the arginine rich sequences to provide membrane-
translocating and/or nuclear-localizing properties (Balhorn, 2007; Reynolds et al., 2005) 
(Table 1 shows some of the CPPs known to translocate cell membranes). Due to the high 
presence of cationic amino acid residues, protamines can electrostatically bind and deliver 
DNA inside cells (Tsuchiya et al., 2006).  
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Table 1: Sequences of some of commonly used cell penetrating peptides (CPP) 
Name of CPP Sequence Accession Number 
*Protamine 1 PRRRRSSSRPVRRRRRPRVSRRRRRRGGRRRR P69014 
*Protamine 2 PRRRRSSSRPIRRRRPRRASRRRRRRGGRRRR B02669 
# HIV Tat 48-60  GRK KRRQRRRAHQ  NP_057853 
§Penetratin 
(pAntp(43–58)) 
RQIKIWFQNRRMKWKK 1KZ5_A 
MPG GALFLGFLGAAGSTMGAWSQPKKKRKV  
* The sequences of protamine 1 and 2 are from chum salmon, Oncorhynchus keta (Ando and Watanabe, 1969). 
 # The Tat peptide sequence was from human immunodeficiency virus-1 (Martoglio et al., 1997). 
§Penetratin was synthesized based on the natural sequence of the third helix of antennapedia homeodomain in 
Drosophila melanogaster (Czajlik et al., 2002). 
 
Protamine can either enhance transfection (Goscin and Guild, 1982) or facilitate condensation 
and entry of DNA inside cells (Lanuti et al., 1999). Although, protamines can electrostatically 
bind and deliver DNA inside cells, most studies whereby protamine was used the transfection 
complexes were formed by either using covalent chemical linkers (Lanuti et al., 1999; Park et 
al., 2005 ) or by genetically fusing protamines to transported proteins (Peer et al., 2007). 
Some studies also used protamine in combination with other transfection reagents to enhance 
transfection (Brisson and Huang, 1998; Goscin and Guild, 1982; Noguchi et al., 2002). The 
intracellular trafficking mechanism of protamine is not yet clear although protamine is known 
to deliver cargo to the nucleus (Reynolds et al., 2005). 
 
1.3.5.3 The transfection of cationic dendrimers 
The third class of transfection reagents, successfully used as carrier systems for drugs and 
nucleic acids, are dendrimers (Boas et al., 2006){Dufe`s, 2005 #36}. Dendrimers are perfectly 
branched macromolecules that are synthesised by multi-step reactions using convergent or 
divergent synthetic approaches (Bosman et al., 1999). The dendritic structure is characterised 
by ‘layers’ between each focal point (cascade) also called generations (shown as circles on 
Figure 16). The dendrimer generation is defined as the number of focal points when going 
from the core to the surface. For instance, a generation 5 (G5) dendrimer has thus, five 
cascade points between the core and the surface. The core is sometimes denoted generation 
‘zero’ (G0), as no cascade points are present.  
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Dendrimer surface groups can be derived with functional groups. The interior core tends to be 
shielded off from the solvent and it can be used to entrap small molecules through 
hydrophobic interactions. 
 
Figure 16: Common commercially available dendrimers. Top left: Polypropyleneimine dendrimer (G5). Top 
right: Polyamidoamine dendrimer (G3). Bottom: Polyamidoamine (Starburst™) dendrimer (G5). Each 
generation is marked with a circle. Source: (Boas and Heegaard, 2004) 
 
Due to their low cytotoxicity, polyamidoamine (PAMAM) dendrimers were used more 
commonly as cell transfection reagents than polypropyleneimine (PPI) dendrimers. The G0 of 
polypropyleneimine (PPI) dendrimers is made up of 1,4-diaminobutane with each increasing 
layer made up of polyamines. The surface amine groups were suspected to be cytotoxic to 
cells (Malik et al., 2000). PAMAM ‘Starburst™’ dendrimers, on the other hand, have a core 
composed of ammonia with each increasing generation made up of a mixture of polyamides 
and polyamines. Recent studies showed that substituting the surface amines with carbohydrate 
groups in PPI dendrimers reduces the cytotoxicity of dendrimers (Bosman et al., 1999; Tack 
et al., 2006). In particular, oligosaccharide modified PPI dendrimers whose surface amino 
groups were substituted with maltotriose showed an enhanced biocompatibility and nearly 
non-toxic properties (Klajnert et al., 2008).  
 
Glycosylated PPI dendrimers, are positively charged at neutral pH and can bind proteins or 
DNA through electrostatic interactions and hydrogen bonds (Giehm et al., 2008; Jang et al., 
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2009; Klajnert et al., 2008). Glycosylated dendrimers also have higher transfection efficiency 
and reduced cytotoxicity (Arima et al., 2006; Diebold et al., 1999; Grosse et al., 2004). Fajac 
and colleagues used lactosylated PEI dendrimers as carrier systems for cell transfection and 
examined the role of the sugar moiety in uptake and intracellular trafficking of dendriplexes. 
They reported that the sugar moiety significantly enhanced transfection efficiency while 
reducing cytoxicity. In their studies, specific inhibitors were used to block known endocytic 
pathway, hence they showed that uptake of the dendriplexes was mostly through clathrin 
dependent (receptor mediated) endocytosis and to a minor extent through caveolin dependent 
pathway but almost none through macropinocytosis (Grosse et al., 2004).  
 
For efficient delivery, dendriplexes must escape from the endosome to enable delivery of 
cargo to intended target organelles. Glycosylated dendrimers were shown to exit the 
endosome by using the “proton-sponge” effect (Grosse et al., 2004). Behr proposed the 
proton-sponge theory, which assumes that when dendriplexes are incorporated in the 
endosome, a high local concentration results in the vesicle thereby altering its osmolarity. The 
osmotic gradient induces pumping of protons by endosomal ATPases coupled with an influx 
of chloride anions into the endosome. The increase in ionic concentration within the 
endosome results in the buffering of the pH by preventing acidification of endosomes. This 
eventually leads to swelling of the endosome. In addition, the dendrimer protonation also 
expands its polymeric network by internal charge repulsion making the molecule a virtual 
proton sponge. With the two phenomena occurring simultaneously the endosomes practically 
burst thereby releasing the dendriplexes (Behr, 1997; Sonawane et al., 2003).  
 
Some studies conclude that glycosylated dendrimers may be taken up through carbohydrate 
specific receptors and subsequently trafficked through caveolin mediated vesicles to the ER 
and the Golgi for sorting (Kopatz et al., 2004). However, to my knowledge this mechanism 
has not yet been experimentally confirmed. 
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2.0  MATERIALS AND METHODS 
2.1   Materials  
Important materials and apparatus used in this study are listed. Materials are arranged in 
alphabetical order whilst the methods are thematically arranged according to the aims of the 
thesis.  
2.1.1 Antibodies 
Table 2: Antibodies used in the study 
Antibody Source 
Anti cytochrome c Abcam/EMD Biosciences 
Anti GAPDH Santa Cruz Biotechnology 
Anti IgG Dako GmbH 
Anti mitochondria  Millipore GmbH 
Anti Sec 61 Abcam 
Monoclonal anti VDAC Mitosciences 
Polyclonal anti VDAC Sigma Aldrich GmbH 
Secondary Antibodies  
Anti mouse alexafluor 488 Invitrogen GmbH 
Anti mouse Cy 5 Millipore GmbH 
Anti mouse FITC Millipore GmbH 
Anti rabbit FITC Sigma Aldrich GmbH 
Anti rabbit hrp Sigma Aldrich GmbH 
2.1.2  Buffers  
A selection of buffers used in the study. 
Table 3:  Details of buffers used in the study. 
Buffer Details 
Buffer B: 20 mM Tris/HCl pH 7,9, 0,5 M NaCl, 5 mM imidazol, 2 ml/l 
Triton X-100 
Buffer W1: 20 mM Tris/HCl pH 7,9, 0,5 M NaCl, 20 mM imidazol, 2 ml/l 
Triton X-100 
Buffer W2: 20 mM Tris/HCl pH 7,9, 0,5 M NaCl, 40 mM imidazol, 2 ml/l 
Triton X-100 
Buffer W3: 20 mM Tris/HCl pH 7,9, 0,5 M NaCl, 60 mM imidazol, 2 ml/l 
Triton X-100 
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Buffer E: 20 mM Tris/HCl pH 7,9, 0,5 M NaCl, 1 M imidazol, 2 ml/l Triton 
X-100 
Storage buffer for mitochondria: 25 mM sucrose, 75 mM sorbitol, 100 mM KCl, 0.05 mM EDTA, 5 
mM Mg Cl2, 10 mM Tris HCl pH 7.4, 10 mM H3PO4  
Buffer for linking NDs to Antibodies: 2-(N-morpholino)ethanesulfonic acid (MES) buffer: 0.1 M MES, 
0.5 M NaCl, pH 6.0 
2.1.3  Chemicals and reagents 
Chemicals and reagents used were of high purity and analytical grade.  
Table 4: Details of chemicals and reagents used in the investigation.  
Chemical or reagent Details of suppliers 
1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC)  Perbio Science Deutschland GmbH 
4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF) AppliChem GmbH 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Serva GmBH 
Acetic acid Carl Roth GmbH 
Acetone Carl Roth GmbH 
Acrylamide/Bisacrylamide Carl Roth GmbH 
AcTEV buffer (20X Invitrogen 
Agar Applichem 
Agarose BioZym 
Ammoniumperoxisulphate (APS) Merck KgaA 
Ampicillin Carl Roth GmbH 
BenchMark™ prestained Protein Ladder Fermentas/Invitrogen GmbH 
Bovine serum albumin (BSA)  Serva GmbH 
Calcium chloride (CaCl2) Merck KgaA 
Chloramphenicol Carl Roth GmbH 
Coomassie® Brilliant blue G250 Carl Roth GmbH 
DABCO mounting medium Sigma Aldrich GmbH 
Dimethyl sulfoxide (DMSO) Carl Roth GmbH 
Dithiobis(sulfosuccinimidyl propionate) (DTSSP) Perbio Science Deutschland GmbH 
Dithiothreitol (DTT) 0.1M Invitrogen GmbH 
dNTPs Fermentas/New England Biolabs 
Dulbeccos modified eagles medium (DMEM) PAA Laboratories GmbH 
Ethanol Carl Roth GmbH 
Ethidium bromide Carl Roth GmbH 
Ethylendiamine-tetraacetic acid (EDTA)  Carl Roth GmbH 
FM 4-64 Invitrogen GmbH 
Fetal bovine serum (FBS)  PAA Laboratories GmbH 
Formaldehyde Carl Roth GmbH 
Fuming nitric acid (HNO3) Roth Carl Roth GmbH 
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G418 sulfate  PAA Laboratories GmbH 
Glutamine  PAA Laboratories GmbH 
Glutaraldehyde Carl Roth GmbH 
Glutathione sepharose™ 4B  GE Healthcare Life Sciences 
Glycerol  Carl Roth GmbH 
Glycine  Carl Roth GmbH 
Hepes buffer Biomol  
Hoechst 33342 nuclear stain Sigma Aldrich GmbH 
HPLC-grade water Carl Roth GmbH 
Hydrochloric acid (HCl)  Carl Roth GmbH 
Imidazole  Carl Roth GmbH 
Isopropanol  Carl Roth GmbH 
Ligation buffer (2X)  Promega/Fermentas 
Magnesium chloride (MgCl2) 50 mM  Fermentas 
Methanol  Carl Roth GmbH 
Mg++ free PCR buffer (10X)  Fermentas 
Mitotracker  Invitrogen GmbH 
N,N,N’,N’-Tetramethylethylenediamine (TEMED) Carl Roth GmbH 
N-hydroxysuccinimide (NHS) Perbio Science Deutschland GmbH 
Nickel sulfate  Carl Roth GmbH 
Osmium tetra oxide Serva Electrophoresis GmbH 
Parafomaldehyde Carl Roth GmbH 
Penicillin/streptomycin PAA Laboratories GmbH 
Peptone/tryptone Applichem 
Phosphate buffered saline (PBS) PAA Laboratories GmbH 
Polyethylene glycol (PEG) Carl Roth GmbH 
Polyvinylpyrrolidone average mol weight 40,000 Da (PVP40) Sigma Aldrich GmbH 
Ponceau S Carl Roth GmbH 
Potassium chloride (KCl) Merck KGaA 
Potassium dihydrogenphosphate (KH2 PO4) Merck KGaA 
Potassium hydroxide (KOH) Carl Roth GmbH 
Protamine Carl Roth GmbH 
Protease inhibitors Roche Applied Sciences 
PULSin™ Biomol 
Restriction endonuclease buffers Fermentas 
Roti-Mark/Benchmark prestained protein markers Carl Roth GmbH /Invitrogen 
GmbH 
RPMI1640 without phenol Red PAA Laboratories GmbH 
Skimmed milk powder Applichem GmbH 
Sodium borohydride Merck KGaA 
Sodium carbonate (Na2 CO3) Sigma Aldrich GmbH 
 
 40
Sodium chloride (NaCl) Carl Roth GmbH 
Sodium dodecyl sulfate (SDS) Merck KGaA 
Sodium hydroxide (NaOH) Carl Roth GmbH 
ß-mercaptoethanol Sigma Aldrich or Carl Roth GmbH 
Tetramethylrhodamine, ethyl ester (TMRE) Sigma Aldrich GmbH 
TEV protease Invitrogen 
Tris  Carl Roth GmbH 
Triton X-100 Roche Carl Roth GmbH 
Trypsin/EDTA 1x PAA Laboratories GmbH 
Tween 20 Carl Roth GmbH 
Uranyl acetate Gift from Institute für 
Polymerforschung Dresden (Prof. 
C. Werner) 
Yeast extract Applichem 
2.1.4  Consumable materials 
Table 5: Consumables materials and devices used in the investigations. 
Device/Material Model/Detailed Description Company Name 
Calcium fluoride substrate for 
Raman (UV stable) 
20 x20 x 1mm Korth Kristalle GmbH 
Cell culture flasks T25, T75, T150, T300  TPP 
Centrifuge reaction tubes  1,5; 2, 15, 50 mL Eppendorf AG/ TPP 
Cover slips 22 x 22 or 24 x 24 Menzel Gläser GmbH   
Dialysis membranes 0.025 μm Millipore or Carl Roth GmbH 
Erlenmeyer flasks different volumes Schott or Simax 
Sterile filter (0.2 µm)  TPP 
Gel blotting paper GB-002, GB-003 Schleicher & Schuell 
Glass pipettes 5mL, 10mL, 20mL  TPP 
Ibidi cell culture disse 35 mm diameter Ibidi GmbH 
Microscope slides   Carl Roth GmbH 
Neubauer cell counting chamber 2 x 0.1 mm3 Carl Roth GmbH 
Pipettes  P1000, P200, P20, P10 Eppendorf AG 
Polyvinylidene difluoride (PVDF) 
membrane 
Immobilon™-P Millipore GmbH 
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2.1.5  General equipment 
Table 6: General details and suppliers of equipment and devices used in the investigation. 
Device Model Company  
Agarose gel electrophoresis system  PeqLab Biotechnologies GmbH 
Biofuge pico Heraeus 
3- 18K, 3K30 Sigma Aldrich GmbH 
Centrifuges 
Avanti™ J30I Beckman 
Electroporation system  ®Gene Pulser II Bio-Rad Laboratories GmbH 
Flow cytometer Partec Cyflow SL Partec GmbH  
FPLC system  500 series Pharmacia Biotech 
Incubator (37°C 5% CO2) Heraus Cell 150 Thermo Electron Corporation 
Thermo cycler  Cyclone 96 PeqLab Biotechnologies GmbH 
Water bath  1008  Gesellschaft für Labortechnik mbH 
 
2.1.6  Human cell lines 
2.1.6.1 JIMT-1 breast carcinoma cell line 
The JIMT-1 cell line used in this study was purchased from the DSMZ, Braunschweig, 
Germany. It was established from the pleural effusion of a 62-year-old woman with ductal 
breast cancer (grade 3 invasive, T2N1M0) after postoperative radiation in 2003. The cell line 
was described to carry an amplified HER-2 oncogene and to be insensitive to HER-2 
inhibiting drugs (Rennstamm et al., 2007). 
 
2.1.6.2 Fibroblast hTERT BJ 1 cell line 
The hTERT- BJ1 was kindly provided by the Huttner Lab, Max Planck Institute of Molecular 
Cell Biology and Genetics, Dresden. The cell line was stably transfected exogenous hTERT 
(human telomerase reverse transcriptase), thereby producing a stable cell line with an 
indefinite life span and a normal phenotype (Morales et al., 1999; Vaziri and Benchimol, 
1998).  
2.1.6.3  HeLa cervical carcinoma cell line 
The HeLa cell line used in the studies was kindly provided by Medizinisch Theoretisches 
Zentrum (MTZ) of TU Dresden. The cells are widely used in medical and biological research. 
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The line was originally established from the epitheloid cervix carcinoma of Henrieta Lacks, a 
31-year-old black woman in 1951 (Macville et al., 1999 ); later the diagnosis was changed to 
adenocarcinoma. The cells contain a hypertriploid chromosome number and multiple copies 
of the (Human Papilloma Virus 18) HPV18 integrated at specific sites in the genome. 
2.1.7  Kits 
Table 7: Kits used in the study. 
Name of Kit Source 
BioRad protein concentration kit BioRaD Laboratories GmbH 
Innocyte cytochrome c staining kit EMD Biosciences 
Mitochondria isolation kit, MitoISO2 Sigma Aldrich Chemie GmbH 
Spurr embedding kit SERVA Electrophoresis GmbH 
WST-1 cell proliferation assay kit Millipore GmbH 
2.1.8  Media  
LB Medium 
10 g Bacterial peptone, 5g yeast extract, 5 g NaCl dissolved in 1l distilled water. 
Cell Culture Medium for JIMT-1 and HeLa cells 
450 ml DMEM without phenol red, 5 ml (10 mM) stable glutamine and 50 ml fetal bovine 
serum. 
Cell Culture Medium for hTERT-BJ1 cells 
400 ml DMEM without phenol red, 100 ml medium 199, 10 ml stable glutamine, 50 ml fetal 
bovine serum. 
2.1.9  Microscopes and spectroscopy equipment 
This study depended extensively on microscopy and spectroscopy procedures. Consequently, 
a number of microscope methods ranging from light to electron microscopes were involved. 
Similarly, a variety of spectroscopic methods was used ranging from UV visible to Raman 
spectroscopy. The details of the equipments used and the models are provided below. 
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Table 8: Details of spectroscopy and microscopy equipment intensively used in the studies. 
Equipment details Details of suppliers 
CCD camera (CoolSNAP HQ)  Roper Scientific GmbH 
Darkfield microscope  
Fluorescence microscope (Axiovert200M) with temperature and 
CO2 control. 
Carl Zeiss GmbH, Germany 
Filter sets  
FS 31000: (DAPI) 
(EX BP 360/40, BS LP 400, EM BP 460/50). 
FS 31001: (FITC) 
(EX BP 480/30, BS LP 505, EM BP 535/40)  
FS 31002: (TRITC) 
(EX BP 540/25, BS LP 565, EM BP 605/55)  
FS 41008: (Cy5) 
EX BP 620/60, BS LP 660, EM BP 700/75 
 
Carl Zeiss GmbH, Germany 
Fluorescence spectrometer, FluoroMax-3 HORIBA Jobin Yvon GmbH 
Laser scanning confocal microscope (Leica DM 6000B) 
Laser lines  
 Diode lasers: 405, 458, 476 nm 
Argon laser line :488, 496, 514 nm 
Diode pumped solid state laser: 561 nm 
He-Ne laser: 633 nm 
Leica GmbH, Germany 
Light microscope (H 600 Wilo-Prax) HUND WETZLAR GmbH 
NIR-Raman-spectrometer HoloLab Series 5000  Kaiser Optical Systems 
Scanning electron microscope, Zeiss LEO 982  Carl Zeiss GmbH 
Tecan microplate reader, Infinite 200 Tecan Deutschland GmbH 
Transmission electron microscope Philips ESEM XL 30  FEI Deutschland GmbH 
Transmission electron microscope, Libra 200FE Carl Zeiss GmbH, Germany 
Transmission electron microscope, Zeiss 912 Omega  Carl Zeiss GmbH, Germany 
UV/Vis spectrophotometer, Ultrospec 3000 Pharmacia Biotech 
2.1.10 Nanoparticles 
Two types of NPs were used in the research, gold NPs (nanospheres and nanorods) and NDs. 
Both Au NSs and Au NRs were synthesized and characterised in the Institute of Materials 
Science of TU Dresden by Mathias Lakatos. The NDs were synthesized and carboxylated and 
kindly provided by the Academy of Science of Belarus, Stepanov Institute Minsk, Belarus. 
Their synthesis and characterisation have already been described previously (Mkandawire et 
al., 2009). 
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The table below shows the λmax2 peak intensities of the different Au NRs.  
 
Table 9: Concentration of colloid stocks of Au NPs as determined by the extinction of 
plasmon resonance peak intensities. 
Samples Size 
(nm) 
Peak λ1 nm Peak λ2 nm Intensity (OD) 
Au NS 20 nm 524 - 0.7 
Au NS 49.6 ±7.8 nm 532 - 0.9 
Au NRs 639 Length 76.8 ± 7.5 
Width 35.8 ± 4 
 639 0.3 
Au NRs 754 47.6 ± 5.4 x 
12.9 ± 1.8 nm 
514 754 0.14 
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2.1.11 Plasmids and bacterial strains 
The following plasmids were provided from other sources to enable expression and isolation 
of His tagged proteins used in this study. 
 
Table 10: Details and source of plasmids and bacteria strains used in cloning of His tagged 
proteins. 
Cloning vectors Source 
pmitoTRFP BioCat GmbH, Germany  
pmitoTGFP BioCat GmbH, Germany 
pET 23b BioCat GmbH, Germany 
Plasmids 
pET23bVDAC Prof. G. Wagner, Harvard Medical School, Boston, 
USA. 
E. coli TOP10 Invitrogen GmbH Bacteria strains 
E. coli BL21 DE3 Novagen GmbH 
2.1.12 Transfection reagents 
Three types of reagents facilitated transfection: PULSin™, protamine sulphate and 
dendrimers. PULSin™ was purchased from Biomol GmbH and used according to 
manufacturer’s instructions. It is composed of a mixture of cationic liposomes, which is 
believed to form non-covalent complexes with proteins. The complex is believed to bind on 
anionic receptors on the cell surface and subsequently endocytosed into cells. Inside cells, 
endosomes containing the complex rupture and release the cargo in the cell cytoplasm. 
Protamine sulphate was purchased from Carl Roth and reconstituted to a stock concentration 
of 2.5 mg/ml.  
 
Fourth generation oligosaccharide modified dendrimers hereinafter-named Stp1791 were 
provided through collaborative research with the Institute for Polymer Research in Dresden 
(Figure 17). Its synthesis and characterisation have been described previously (Klajnert et al., 
2008; Mkandawire et al., 2009). Figure 17 shows 4th generation maltotriose modified PPI 
dendrimers used in this study whose surface amino groups were substituted with maltotriose.  
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4th generation PPI dendrimer
with maltotriose
Reaction condition (i): 4th generation PPI dendrimer w ith maltotriose
(ratio NH2/maltotriose 1 : 1) / BH3*Py complex in Na borate solution at 50°C
for 7 days followed by dialysis in dist. water and freeze drying.
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Figure17: Fourth generation PPI dendrimers whose surface amino groups were modified with maltotriose in a 
1:1 ratio. The diameter of the dendrimer is approximately 4-5 nm. R signifies maltotriose group. Alphabetical 
letters a, d, g, j and m had δ values of 1.4-2.3 /ppm in the 1H NMR spectra, 23-29 in the 13C NMR spectra and 
1´´, b, c, e, f, h, i, k, l and n had δ values of 2.3-3.3 /ppm in the 1H NMR spectra, 52-57 in the 13C NMR spectra 
cited by (Klajnert et al., 2008). 
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2.2  Methods  
2.2.1  Targeting Au nanoparticles onto mitochondria for SERS 
2.2.1.1 Stable transfection of JIMT-1 cells with mitoTRFP  
JIMT-1 cells were stably transfected with a plasmid containing a mitochondrial targeting 
sequence (MTS) fused to the N-terminus of TurboRFP (mitoTRFP). The MTS was derived 
from the subunit VIII of human cytochrome c oxidase (Cox 8) (Rizzuto et al., 1995; Rizzuto 
et al., 1989). When expressed in mammalian cells, this variant provides red (orange) 
fluorescent labelling of mitochondria. One day prior to transfection, JIMT-1 breast cancer 
cells were seeded in 24 well plates to a density of 8 x 104 cell per well. For transfection, 1 µg 
of the plasmid DNA was incubated with 4 µl PULSin™ in 100 µl Hepes buffer pH 7.4. An 
aminoglycoside, G418, was used as a selective agent of transfected breast cancer cells. 
Resistance was conferred by the bacterial gene for aminoglycoside-3'-phophotransferase 
present on the plasmid that can be expressed in eukaryotic cells (Rizzuto et al., 1995; Rizzuto 
et al., 1989). The complex was incubated for 15 min at room temperature and then transferred 
onto cells in a serum free DMEM medium. Thereafter, medium changes were performed three 
times a week over a period of 2 weeks. The medium contained different G418 sulphate 
concentrations ranging from 25 µg/ml to 4000 µg/ml. G418 resistant cells were isolated after 
2 weeks of cell culture in G418 containing medium. Confirmation of the localisation of the 
red fluorescence protein was performed by fluorescence microscopy as well as the standard 
Western Blot assay using antibodies targeting mitoTRFP. 
 
2.2.1.2 Isolation of mitochondria from human cells 
Isolation of mitochondria was performed using a mitochondria isolation kit, MitoISO2. 
Following instructions supplied with the kit, exponentially growing cells were harvested by 
trypsinisation and transferred into a 50 ml tube. Cells were washed once with cold PBS by 
centrifuging 600 g for 15 min at 4 °C. In the last wash, cells were transferred into 15 ml 
falcon tubes and resuspended in 500 µl cell lysis medium with protease inhibitors. The cell 
lysis medium included 10 µl cell lysis reagent, 20 µl protease inhibitor mix and 1970 µl 
extraction buffer). Cells were lysed using a dounce homogeniser with 40 strokes centrifuged 
at 600 g for 15 min at 4 °C. A series of cell lysis and centrifugation steps were performed 
until most of the cells were lysed. The supernatants were pooled and centrifuged at 1000 g to 
remove debris and then at 3500 g to obtain a rich mitochondria fraction referred to as M1. A 
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second centrifugation followed at 11000 g to get a second fraction of mitochondria referred to 
as M2 and cytosolic protein as supernatant. Protein concentration of mitochondrial and 
cytosolic fractions was determined using the Bradford assay. The M1 mitochondria fraction 
was washed with PBS and used fresh for SERS. Otherwise, the fractions were stored in 
mitochondrial storage buffer. 
 
2.2.1.3 Targeting Au nanoparticles to isolated mitochondria 
Mitochondria were resuspended in mitochondrial storage buffer at a protein concentration of 
2.5 µg/µl. For optimisation experiments, a constant concentration of mitochondria (25 µg 
protein) was incubated with 10 µl of serial dilutions of Au nanospheres. Au NSs were diluted 
to 0.4, 0.04 and 0.004 nM. After determining the concentration in which there was no 
fluorescence in Raman spectra of samples with Au NSs, a constant ratio of mitochondria (µg 
protein) to Au NSs (nM) was used. Hence, a volume of 10 µl of Au NS colloid (0.04 nM) was 
incubated with 10µl of mitochondria suspension for 30 min on ice. For control samples, 10 µl 
of PBS was added to the mitochondrial suspension.  
 
Similarly, equal volumes from the constant concentration of mitochondria (25 µg protein) 
were incubated with serial dilutions of Au NRs. From a concentration of an OD (λmax2 = 754 
nm) of 1.1, the Au NRs were diluted 5 x, 10 x and 100 x. Hence, a volume 10 µl of Au NR 
colloid (47 x 12 nm) were incubated with 10 µl of the mitochondrial suspension for 30 min on 
ice. Samples were then centrifuged at 3500 g at 4 °C for 15 min and resuspended in 20 µl 
PBS. A 10 µl drop was put on CaF2 substrate and air dried for Raman spectroscopy analysis.  
To specifically conjugate Au NSs to mitochondria using antibodies, a volume of 50 µl Au 
NSs (0.04 nM) was incubated with hVDAC antibodies (6.2 µg/µl) in PBS pH 8.8 for 15 min 
at room temperature. The samples were centrifuged at 6000 g and resuspended in 20 µl PBS 
followed by incubation with 10 µl mitochondrial suspension for 45 min on ice. The samples 
were centrifuged at 3500 g at 4°C for 15 min and resuspended in 20 µl PBS. A 10 µl drop of 
this sample was put on CaF2 and air dried for Raman spectroscopy.  
 
Using the same procedure, a volume of 50 µl of Au NRs with an OD of 0.4 was mixed with 
50 µl anti VDAC antibodies (0.62 µg/µl) in PBS pH 8.8 for 15 min at room temperature. A 
volume of 30 µl of the antibody functionalized Au NRs was incubated with 30 µl of 
mitochondria suspension in mitochondrial storage buffer for 1 hr on ice. The mitochondria 
antibody-Au NP complex was centrifuged at 3500 g to remove unspecifically attached Au 
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NRs. The pellet was washed once with PBS buffer, centrifuged at 3500 g for 15 min at 4°C, 
and resuspended in 20 µl PBS. A volume of 10 µl of the resuspended mitochondria antibody- 
Au NP complex was put on a CaF2 substrate and air dried. In parallel, 5-10 µl samples were 
placed on clean cover slips for dark field microscopy or on silica wafers for SEM. 
 
2.2.1.4 SERS of isolated mitochondria 
 Raman measurements were performed in air with a Raman spectroscope (Kaiser Systems) 
using a 785 nm laser. The laser power was 70 mW and laser spot had a diameter of 1.2 µm 
with a 100 x objective. Mitochondrial samples and hVDAC protein were exposed for 30 s 
with 3 accumulations. Spectra of PBS, mitochondrial storage buffer and NaOH buffers as well 
as amino acids, phosphatidylcholine and cardiolipin were taken with 10 s exposure and 10 
accumulations. For each sample a minimum of 5 spectra were taken. The experiments were 
repeated for a minimum of 3 times. Difference spectra were obtained by subtracting the buffer 
spectra. In addition, all spectra were background subtracted.  
2.2.2  Transfection of NDs conjugates for live cell imaging 
2.2.2.1 Cell culture 
Cell thawing 
Cells were thawed by immersing in 37 °C water bath and immediately filled to 50 ml with 
cold culture medium. The cells were left for 10 min at RT to equilibrate followed by 
centrifugation at 300 g for 5 min. The pellets were resuspended in 20 ml culture medium and 
plated in T75 flasks.JIMT-1, HeLa and hTERT-BJ1 cells were cultured in DMEM without 
phenol red described above (2.1.8) at 37 °C and 5 % CO2. 
Subculture of cells 
Sub culturing of cells was performed every 2-3 days. JIMT-1 cells were incubated with 3 ml 
of 1 % Trypsin/EDTA for 5 minutes at 37 °C with 5 % CO2 in a T75 flask. HeLa and 
fibroblast hTERT BJ-1 cells in T75 flasks were trypsinised with 1 ml of 1 % Trypsin/EDTA 
for 3 min at 37 °C with 5 % CO2 in a T75 flask. For larger flasks, or well plates, volumes of 
Trypsin/EDTA were adjusted accordingly whilst the incubation time and conditions remained 
the same.  
Cell freezing 
Cells were frozen in freezing medium (70 % DMEM, 20 % Fetal Calf Serum and 10 % 
DMSO) at a density of 1 x 106 cells per 1.5 ml for HeLa and hTERT-BJ1 cells and 2 x 106 for 
JIMT-1 cells. 
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2.2.2.2 Conjugation of NDs to proteins 
Prior to use (in cell culture experiments and for attachment of proteins), NDs were sterilized 
using either UV light at 254 nm for 45 min (UV crosslinker CL 1000) or autoclaved at 121 °C 
and 0.1 MPa for 1 h. 
 
Antibodies were conjugated to NDs using chemical linkers EDC and Sulfo NHS as described 
by the supplier (Perbio Science Deutschland, Bonn, Germany). Briefly, 2 mM EDC (1-Ethyl-
3-[3-dimethylaminopropyl] carbodiimide hydrochloride) and 5 mM NHS (N-
hydroxysulfosuccinimide) were dissolved in activating buffer (0.1 M MES, 0.5 M NaCl, pH 
6.0) and reacted with NDs at RT (22 °C) for 15 min. Then ß-mercaptoethanol was added to a 
final concentration of 20 mM to quench EDC. The NDs were centrifuged (4500 g) and 
washed once with activating buffer. Antibodies directed against mitochondria (catalogue 
number MAB1273) (Millipore, Schwalbach, Germany) and against actin (catalogue number 
sc8432) (Santa Cruz Biotechnology, Heidelberg, Germany) were added to the nanodiamond 
suspension and reacted for 2 hrs at RT. Mitochondria antibodies specifically bind to a 65 kDa 
protein component of mitochondria. Actin antibodies target the C-terminus of human actin. 
The reaction was stopped by adding Tris/HCl pH 7.4 to a final concentration of 20 mM. The 
antibody conjugates were stored at 4 °C. The Table below summarises the conjugation 
scheme of NDs to antibodies. 
 
2.2.2.3 Transfection of ND conjugates in human cells 
One day prior to transfection, HeLa cells were plated on sterile 35 mm µ-dishes at a density of 
1.5 x 105 cells in DMEM containing 10 % FBS. Transfection was mediated by the dendrimer 
Stp 1791, cell penetrating protamine sulfate and Pulsin™, a mixture of cationic liposomes.  
For transfection, a volume of 10 µl from a UDD or UDD conjugate suspension (10 mg/ml) 
were mixed with dendrimer (100 µg per dish) or protamine sulfate (10 µg per dish) or 
PULSin (4 µl per dish) in 100 ml Hepes buffer (pH 7.4), and incubated for 15 min at RT 
according to manufacturer’s instructions. DMEM without serum was added to a final volume 
of 2 ml. Cells were incubated in transfection mixture for 4 h at 37 °C and 5 % CO2. After 
transfection, cells were washed and incubated in fresh culture media overnight before live-cell 
fluorescence assays were conducted. In control experiments medium without conjugates was 
used.  
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Transfection of unconjugated mitochondria antibodies progressed similarly as transfection of 
NDs conjugates mediated by dendrimers except that after transfection cells were 
permeabilized using 0.1 % Triton X-100 for 10 min at 37 °C and 5 % CO2 (Masson et al., 
1996). Incubation with secondary anti mouse Alexafluor 488 conjugated antibodies followed 
(1 mg/mL) in DMEM with 10 % fetal calf serum followed for 20 min at 37 °C and 5 % CO2. 
Cells were washed with PBS and further incubated in culture medium before microscopical 
analyses were performed. 
 
2.2.2.4 Cell and immunofluorescence staining 
Nuclear staining 
Nuclear staining was performed on cells grown in a 6 well plate or an Ibidi µ-dish. A volume 
of 5 µl of Hoechst 33342 (10 mM) was mixed with 2 ml culture medium and incubated with 
cells for 10 min at 37 °C and 5 % CO2.  
Mitochondrial staining 
Mitochondria were stained by adding 1.5 µl of mitotracker (0.1 mM) to 10 ml of DMEM 
without serum. A volume of 2 ml of this staining solution was incubated with cells in each 
well or Ibidi dish. 
Endosomal staining 
Endosomes were stained immediately before live cell imaging. Hence, for these experiments 
cells were grown in 35 mm Ibidi µ-dishes. To stain the endosomes, 5 µl were pipetted into the 
dish and mixed with the cell culture medium thoroughly. The cells were incubated in this 
medium for 10 min. Cells were then washed with PBS and incubated further in DMEM with 
serum for live cell imaging. 
 
2.2.2.5 Cell toxicity assays  
In order to assess the cytotoxicity of transfection reagents or NPs, routine tests were 
performed on the three cell lines. Cells were seeded in 96 well plates at the following cell 
densities JIMT-1 cells at 1.3 x 104 cells per well, hTERT and HeLa cells at 1.0 x 104 cells per 
well. Different concentrations of the test material, including NDs, Au NPs, dendrimers, and 
protamine were incubated with cells for 4 hours. Cells without the test material served as 
positive controls whilst cells incubated with 7.5 µl staurosporine (0.1 mg/ml) served as 
negative controls. Wells with medium only were used to subtract the background. The cells 
were then washed and incubated in culture medium for 24 hours at 37 °C and 5 % CO2. 
 
 52
For the proliferation assay, cells were washed once with PBS before adding 200 µl of 
complete medium. Then 10 µl of the WST-1 (4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)- 2H-5-
tetrazolio]-1,3-benzene disulfonate) electron coupling reagent was added to each well and 
cells were further incubated for 1 hour at 37 °C and 5 % CO2. Using a microplate reader, 
absorbance values at 450 nm were taken with a reference at 600 nm. 
 
The principle of the WST-1 cell proliferation assay is based on the cleavage of the tetrazolium 
salt by cellular enzymes. An increase in the number of viable cells is proportional to an 
overall increase activity of mitochondrial dehydrogenases in the sample. This augmentation in 
enzyme activity leads to an increase in the amount of formazan dye formed, which directly 
correlates to the number of metabolically active cells in the culture. Hence, by 
spectroscopically measuring the absorbance of the formazan dye produced by metabolically 
active cells, it was possible to quantify the amount of the dye formed. This was correlated to 
the viability of cells as described previously (Berridge et al., 1996) 
 
2.2.2.6 Validation of NDs as markers for live cell imaging  
Live cell imaging analysis was performed using a 4D live cell imaging fluorescence 
microscopy system with temperature and CO2 control. Brightfield and fluorescence images of 
the live cell samples were taken, and overlay images were created by merging the brightfield 
and the fluorescence images using the software MetaMorph version 6.2 version 2 (Visitron 
Systems, Puchheim, Germany).  
2.2.3  Transfection of Au NP conjugates for photothermolysis 
2.2.3.1 Isolation of His tagged proteins in bacteria 
André Clemens, Institute for Genetics, TU Dresden, provided a bacteria strain expressing His 
tagged mitoTGFP. A plasmid containing the cDNA of hVDAC protein was a kind gift from 
Professor G. Wagner (Hiller et al., 2008 ). 
 
Bacteria expressing mitoTGFP were grown in LB medium with ampicillin and 
chloramphenicol to an absorbance OD of 0.6. Cells were then induced with 0.5 mM IPTG for 
4 h. Cells were harvested by centrifugation at 5000 g for 5 min washed and resuspended in 
lysis buffer (PBS buffer, 1 % Triton X-100, 10 % glycerol) and incubated on ice for 30 min 
before lysis with a French Press. The protein extract was obtained by centrifugation of the cell 
lysate at 15000 g for 1 h.  
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Immunoprecipitation of the mitoTGFP was performed at 4 °C. The cell lysate was incubated 
with nickel sulphate loaded beads for 15 min. A series of washes with Buffer W1, W2 and 
W3 followed. The protein was eluted using Buffer E and dialysed against PBS (pH 7.4). After 
dialysis, protein concentration was determined using the Biorad Bradford assay. 
 
The protein concentration was determined by mixing a volume of 5 µl from the protein with 
145 µl distilled water. A reference sample contained 150 µl distilled water. Then 75 µl of 
Reagent A was added to the samples including the control sample and mixed by vortexing. 
Then a volume of 600 µl Reagent B was added to the samples and incubated for 20 min in the 
dark. Absorbance (OD) values of the protein mixture were read against the control, which 
served as a reference. Protein concentration (µg) was calculated from a standard BSA 
calibration plot.  
 
2.2.3.2 Conjugation of Au NSs to proteins for transfection 
To determine the concentration of proteins required to stabilize Au NSs, serial dilutions of 
mitoTGFP in PBS (pH 5.5) or hVDAC antibodies in PBS (pH 8.8) were performed such that 
different concentrations of mitoTGFP protein were contained in a final volume of 200 µl. The 
concentration of Au NSs was determined by using calculated extinction coefficients from Mie 
theory (Mathias Lakatos, 2010, personal communication).  
 
To conjugate Au NPs to mitoTGFP, 200 µl of Au NSs 20 nm diameter (OD 0.3) or 10 nm 
diameter (OD 0.2) were incubated with 200 µl of mitoTGFP (0.05 µg/µl in PBS pH 5.5) for 
15 minutes in the dark at room temperature. Following incubation, 200µl polyethyleneglycol 
(PEG) 3000 (2%) was added to stabilize the conjugates and incubated for a further 10 
minutes. After incubation, the samples were centrifuged at 6000 g for 15 minutes. 
Conjugation of Au nanoparticles to mitoTGFP or to VDAC antibodies was analyzed using a 
microplate reader. Shifts in the plasmon resonance bands at 525 nm arising from the 
nanospheres were monitored in the UV Vis spectra of the conjugates.  
 
Functionalization of Au NSs with mitochondria antibodies used the same concentration of Au 
NPs. However, the volume was reduced to 100 µl Au NP due to the low amount of antibodies. 
Similar serial dilutions were used to determine the optimum adsorption ratios of Au NSs to 
antibodies. Finally, a volume of 20 µl hVDAC antibodies (6.2 µg/µl) (Sigma Aldrich, 
Germany) was diluted 1:10 in PBS (pH 8.8) and incubated with equal volumes of 20 nm 
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diameter Au NSs (OD 0.3) or 10 nm Au NSs (OD 0.2). Conjugates for cell culture 
experiments were prepared under aseptic conditions. Au NSs, PEG 3000 and mitoTGFP were 
filtered using a 0.2 µm filter. 
 
2.2.3.3 Conjugation of Au NRs to proteins for transfection 
Determination of the concentration of proteins required to stabilise Au NRs proceeded similar 
to Au NSs. Finally, 200 µl of Au NRs with the second plasmon resonance peak maximum at 
639 nm (λmax2) hereinafter referred to as Au NR639 (OD 0.3) was incubated with 200 µl of 
mitoTGFP (stock concentration 0.075 µg/µl) for 15 min at RT. Then 200 µl PEG (2 %) was 
added to stabilize the conjugates and incubated for a further 10 min. The samples were then 
centrifuged at 6000 g for 15 min. Samples were analyzed using either UV Vis 
spectrophotometer or microplate reader. The absorbance peak at 639 nm arising from the 
longitudinal plasmon resonance of the gold nanorods was monitored in the bioconjugates. The 
stock concentrations of mitoTGFP and antibodies remained the same as those used in the 
experiment with Au NSs. 
 
2.2.3.4 Transfection of Au NP conjugates in human cells 
One day prior transfection, cells were seeded on 35 mm Ibidi µ-dishes. For TEM analysis, 1 x 
106 cells were seeded in petri dishes with 100 mm diameter. Au NPs (20 nm or 10 nm 
diameter) with the indicated OD (See section 2.2.3.2 and 2.2.3.3) were used to generate 
conjugates for transfection. Au NP conjugates were incubated with one of the three 
transfection reagents using the volumes indicated below (Table 10).  
 
Transfection complexes were generated by mixing NP conjugates and the transfection reagent 
in Hepes buffer (pH 7.4) for mitoTGFP conjugates or pH 9.0 for antibody conjugates) and 
incubated at RT for 20 min. Then the transfection complexes were gently mixed with DMEM 
without serum and spread over the cells and further incubated for 4 hours. After 4 hours, cells 
were washed and incubated in culture medium with serum. For cell irradiation studies, Ibidi 
dishes with 2.5 x 105 cells were used. The concentrations and volumes were adjusted 
downwards accordingly by a factor of 5.  
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Table 11: Transfection of Au NPs for transmission electron microscopy. 
 20 nm 10 nm Au NR639 (λmax2) 
OD of NPs  0.7 0.7 0.3 
Volume of conjugates (µl) 200 200 200 
Hepes pH 7,4 500 500 500 
PULSin™ (µl) 20 20 20 
Protamine (µg) 100 100 100 
Dendrimer (mg) 1 1 1 
Final volume DMEM (- FCS) (ml) 4 4 4 
 
2.2.3.5 Validation of Au NPs’ interaction with cells or isolated 
mitochondria  
To determine the presence of Au NPs within cells, HeLa or JIMT-1 cells were grown and 
transfected on silicon wafers inside chamber slides or 6 well plates. Twenty four hours after 
transfection, silicon wafers were washed in PBS and fixed in 2.5 % glutaraldehyde for 24 h. 
Cells were then immersed in 0.5 mg/ml NaBH4 for 3 x 4 min and washed in PBS. Wafers 
were dried with nitrogen gas before SEM analysis.  
 
SEM was performed by Mathias Lakatos (IfWW, TU Dresden). Briefly, silicon wafers 
containing the cells were mounted on SEM sample holders before imaging. Cells were 
scanned using different acceleration voltages, typically 1-5 kV to scan the cell surface and 10 
-15 kV to image gold NPs inside the cells.  
 
2.2.3.6 Validation of mitochondria targeted Au NPs  
For STEM or TEM analyses, JIMT-1 or HeLa cells were grown in 100 mm diameter sterile 
petri dishes. After transfection, cells were detached using trypsin or by mechanical scraping 
and were fixed with 2.5 % glutaraldehyde in DMEM buffer at 37 °C and 5 % CO2, for 24 h. 
Cells were encapsulated in 2 % low melting agarose gel for 30 min at 4 °C. The gels were cut 
in small slices (about 1.5 x 1 mm) and postfixed with 1 % osmium tetra oxide for 24 h. The 
samples were then washed 3 x 15 min each time in distilled water. Samples were dehydrated 
in a graduated series of 25 % to 100 % acetone over a period of 4 h (including a staining step 
with 1 % uranylacetate). The gel slices were stepwise embedded in epoxy resin according to 
Spurr (1969) in the following steps:- 30 % resin 4 h, 50 % resin 12 h, 70 % resin 4 h, 100 % 
resin 4 h, 100 % resin 12 h and 1astly 100 % resin 4 h. The resin was stepwise polymerised at 
50 °C for 3 h then 55 °C - 60 °C over a period of 72 h (Spurr, 1969). Ultra thin sections with 
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thickness of 100 - 150 nm were cut (Leica Electron M Ultracut Ultramicrotome) and mounted 
on pioloform coated copper grids and post stained with uranylacetate and lead citrate 
(Reynolds, 1963). Imaging using Philips ESEM XL 30 at 30 kV was performed by Dr. Armin 
Springer (Max Bergmann Centre) or using a. Zeiss 912 Omega TEM by Mr Axel Mensch 
(TU Dresden, Institüt für Werkstoff Wissenschaft) at 120 kV. 
 
2.2.3.7 Irradiation of cells  
Irradiation of cells was performed during live cell imaging using a laser scanning confocal 
microscope (LSCM) fitted with temperature and CO2 control systems. Using a 20 x water 
objective with numerical aperture of 0.5, a quadratic region of interest (2.4 mm2) was 
irradiated with a He-Ne laser (633 nm) with laser power of 4 mW calculating to laser power 
density of 1.7 mW/cm2. The cells were irradiated for 347 s or 688 s. After irradiation, cells 
were immediately permeabilized on ice for 10 min in permeabilization buffer (Innocyte). 
Then afterwards cells were fixed in 5 % formaldehyde in PBS for 1 hour at room temperature. 
Cells were washed 3 x 10 min in PBS before immunocytochemistry. 
 
2.2.3.8 Validation of apoptosis - cytochrome c release assay 
The release of cytochrome c from mitochondria was validated by immersing fixed and 
permeabilized cells in blocking buffer for 1 h at 4 °C. Cells were then incubated with 
cytochrome c primary antibodies resuspended in blocking buffer at a concentration of 1: 250 
for 1 h at 4 °C. Then secondary detection with FITC coupled antibodies proceeded for 45 min 
in the dark. Cells were washed 3 x 10 min in PBS at 4 °C in the dark. Fluorescence 
microscopy was performed using Keyence microscope.  
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3.0  RESULTS 
This chapter is divided into three sections. The first section deals with in vitro targeting of Au 
NPs onto isolated mitochondria from breast cancer and fibroblast cells. Specifically, the 
section presents results on the functionalization of Au NPs and their role in SERS of isolated 
mitochondria. The second section tackles targeting of NDs in living cells for cell imaging. In 
this part, I present results on different transfection reagents and their probable uptake 
mechanisms in transfection of NDs into HeLa cells. Further, the potential of NDs and 
antibody nanodiamond conjugates as cell imaging agents will be addressed. The last section 
deals with intracellular targeting of Au NPs onto mitochondria. This section augments the 
second section by documenting the uptake mechanisms of Au NP conjugates mediated by the 
three different transfection agents. The ultimate goal of this section is to illustrate the near 
field enhancement effect of Au NPs and examine the possibility of using mitochondrially 
targeted Au NPs in combination with laser irradiation as an “apoptosis trigger” in living cells.  
 
3.1  In vitro targeting of Au nanoparticles to isolated 
mitochondria 
3.1.1  Isolation of mitochondria from breast cancer cells and 
fibroblast cells 
To confirm a successful mitochondrial isolation, an SDS PAGE analysis was performed 
followed by detection with antibodies specific for mitochondrial protein hVDAC1 also known 
as porin and cytoplasmic protein, GAPDH. Figure 18 shows a western blot image of isolated 
mitochondria from breast cancer cells (JIMT-1) (lanes 1 – 3) and fibroblast cells (hTERT-
BJ1) (lanes 4 – 6). In the figure, lanes 1 and 4 labelled M1 represent the enriched 
mitochondrial fraction centrifuged at 3500 g for breast cancer and fibroblast cells 
respectively. Similarly, lanes 2 and 5 denoted M2 represent the second mitochondrial 
fractions obtained after centrifugation at 11000 g and lanes 3 and 5 denoted C represent 
cytoplasmic fractions. Porin monoclonal antibodies detected the presence of hVDAC1 (porin) 
mostly in the enriched mitochondrial fraction M1 confirming the successful isolation of 
mitochondria. A weak band in M2 showed the presence of porin in smaller quantities than in 
M1 fractions. In cytoplasmic fractions, porin was detected at a slightly higher molecular 
weight than in mitochondrial fractions. The presence of porin in the plasma membrane has 
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been documented before where it is located in caveolae-rich domains possibly bound to 
sterols. In the cytoplasmic fractions of both breast cancer and fibroblast cells, the soluble 
protein glyceraldehyde 3-phosphate dehydrogenase (GAPDH) could be detected (Figure 18). 
In breast cancer cells, a weak signal of GAPDH could be detected probably due to insufficient 
purity of the M2 fraction, which might have included some cytosolic proteins. 
 
 
Figure 18: Immunoblot analysis documenting the isolation of mitochondria from breast cancer cells (JIMT-1) 
and fibroblast cells (hTERT-BJ1). Lanes 1 to 3 represent pure mitochondrial fraction obtained with 
centrifugation at 3500g (M1) , second mitochondrial fraction obtained with centrifugation at 11000g (M2) and 
cytosolic fraction (C) of fibroblast cells. Similarly, lanes 4 to 6 represent M1, M2 and C from breast carcinoma 
cells. The blot was detected using anti porin antibodies which were mostly present in M1 (lanes 1 and 4) and M2 
(lanes 2 and 5) fractions confirming the presence of mitochondria in these fractions. Antibodies against cytosolic 
proteins showed presence of cytosolic proteins in the cytosolic fractions (lanes 3 and 6). The loading control 
GAPDH shows that similar amounts of proteins were loaded in the lanes (lanes 1-6). 
 
In order to confirm that the mitochondrial isolation procedure was appropriate, mitochondria 
were isolated from breast cancer cells (JIMT-1) which were stably expressing a mitochondrial 
localizing red fluorescent protein (mitoTRFP). Fluorescence microscopy of breast cancer cells 
expressing mitoTRFP showed a typical mitochondrial network fluorescence pattern stemming 
from the red fluorescence protein which was localized in mitochondria (Figure S1 a in 
appendix). Then mitochondria were isolated from the mitoTRFP expressing cells and 
subjected to a standard western blot analysis in which antibodies specific for mitoTRFP were 
used to detect the protein biochemically as well as by fluorescence microscopy (FM). The 
western blot assay revealed the presence of two bands at 25 kDa and 22 kDa (Figure S1 b in 
appendix). These bands corresponded to the full length TRFP with the mitochondrial targeting 
sequence (MTS) and TRFP without the MTS. A strong signal of the cleaved TRFP (22 kDa 
shown as a black arrow) was observed in the M1 fraction whilst in the M2 fraction there was 
only a weak signal. This suggested that the M1 fraction had a higher concentration of 
mitochondria than M2. However, the full length mitoTRFP (25 kDa shown as a red arrow in 
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Figure S1 b) showed that this protein is present in all fractions including the cytosolic 
fraction. The presence of mitoTRFP in the cytosol is expected since this is the site of protein 
translation, hence the full length protein would be found in the cytosol. In the mitochondrial 
fraction, I expected to observe a weaker signal of the full length protein as the MTS is cleaved 
immediately after mitochondrial import. However, since mitoTRFP was expressed from a 
strong promoter, it is likely that the protein was in excess compared to the proteases 
responsible for cleavage of the MTS. This would explain the high amount of mitoTRFP 
present in the mitochondrial fractions. FM images of mitochondria isolated from these cells 
documented mitochondria as red spots of about 1 µm in diameter (Figure S1c in appendix). 
For Raman spectroscopic analyses, the mitochondria rich fraction M1 fraction was used. 
3.1.2  Raman spectra of mitochondria 
In order to collect Raman spectra of mitochondria, isolated mitochondria were put on a 
calcium fluoride substrate and left to dry. In addition, spectra of known mitochondrial 
components such as phosphatidylcholine, cardiolipin and porin were collected for comparison 
with mitochondrial spectra. Hence, Raman spectra of selected amino acids were taken. Figure 
19 shows Raman spectra of mitochondria compared with phosphatidylcholine, the main 
mitochondrial lipid component. The phosphatidylcholine spectrum shows typical features of 
the lipid (Zhuang et al., 2005). A Raman band due to the phospholipid head group is observed 
around 719 cm-1 (718 cm-1 for phosphatidylcholine); though its relative intensity is much 
lower in mitochondria than in pure phosphatidylcholine. The Raman feature comprising a 
small peak at 1062 cm-1 (not marked), a broad band at 1085 cm-1 and a shoulder peak at 1122 
cm-1 in the spectrum of phosphatidylcholine is also identifiable in the spectrum of 
mitochondria. According to Huang and coworkers (2005), these bands could be assigned to 
the out-of-phase and in-phase modes of the all-trans chains (Zhuang et al., 2005). The band at 
1267 cm-1 in phosphatidylcholine (1271 cm-1 in mitochondria ) is due to the C=C-H in-plane 
bend of the cis –CH=CH- linkage found in lipid chains (Zhuang et al., 2005). The 1299 cm-1 
band (1298 cm-1 in mitochondria) is assigned to the in-phase CH2 twisting mode (Zhuang et 
al., 2005). The strong 1440 cm-1 band which is attributed to the CH bending modes, including 
CH2 scissors and CH3 degenerate deformation of hydrocarbon chains (Huang et al., 2005; 
Tang et al., 2007) was also observed in the spectrum of mitochondria (Figure 19) at 1439   
cm-1. Similarly, the strong band at 1659 cm-1 assigned to the C=C stretch of the cis –CH=CH- 
linkage of the unsaturated lipid chains (Huang et al., 2005; Tang et al., 2007) is also strong in 
mitochondria spectrum (1658 cm-1). In general, the Raman spectrum of mitochondria appears 
to have quite a strong influence from lipids especially phosphatidylcholine. This is not 
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surprising because lipids constitute one of the major components of mitochondria. 
Phosphatidylcholine (PC) makes up to 46 % of the lipid composition of the OMM and 38.4 % 
of the IMM (Daum, 1985; Lomize et al., 2006).  
 
 
Figure 19: (a) Raman spectra of mitochondria from human breast cancer cells were compared with Raman 
spectra of phosphatidylcholine, the major lipid component both in the OMM and in the IMM. In (b) 
mitochondrial Raman spectrum was compared with that of hVDAC also known as porin, an abundant protein of 
the outer mitochondrial membrane. It is apparent that phosphatidylcholine contributes significantly in the Raman 
spectra of mitochondria.  
 
The mitochondrial spectrum also showed the presence of protein bands at 1004, 1271, 1450, 
1340 and 1658 cm-1 (Figure 19). The ring breathing mode of phenylalanine, an amino acid 
residue in sub chains of proteins is responsible for the Raman peak at 1004 cm-1 (Huang et al., 
2005; Tang et al., 2007). This Raman peak is present in the spectrum of hVDAC, one of the 
proteins present in the outer mitochondrial membrane as well as in the mitochondrial 
spectrum. The Raman peak at 1271 cm-1 assigned to the amide III vibrational mode of the 
main chain (Huang et al., 2005) was not observed in the hVDAC spectrum rather a Raman 
peak at 1244 cm-1 was present in the hVDAC spectrum (Figure 19b). The band at 1340 cm-1 
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assigned to the CH bending mode of the aliphatic chain was strong in the hVDAC spectrum 
but weak in Raman spectrum of mitochondria (Figure 19). The prominent Raman bands at 
and 1439 and 1658 cm-1 due to the CH bending modes and C=C stretch of the cis –CH=CH- 
linkages were more similar to the lipid bands than to VDAC bands (1450 and 1671 cm-1) 
(Figure 19). In general, the mitochondrial spectrum was more similar to the lipid spectrum 
than to the VDAC protein spectrum. 
 
Figure 20: (a) Raman spectra of mitochondria from human breast cancer cells in the 1500-1640 cm-1 range were 
compared with that of hVDAC also known as porin, an abundant protein of the outer mitochondrial (b). Some 
protein specific peaks at 1552, 1584 and 1606 cm-1 detectable in hVDAC spectra were shown to be very weak 
but detectable in mitochondrial spectra 
 
However, in the 1500 cm-1 to 1650 cm-1 region of the hVDAC spectrum, there were some low 
molecular vibrational modes in that were very weak and almost undetectable in mitochondrial 
spectra (Figure 19 b). A close analysis of the 1500 cm-1 – 1640 cm-1 region showed that 
mitochondria also have weak Raman bands at 1535, 1553, 1556, 1586 and 1607 cm-1 (Figure 
20 a). In the hVDAC spectra, these low molecular vibrational modes were observed at 1552, 
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1556, 1585, and 1606 cm-1 (Figure 20). This suggests that although lipids dominate the 
Raman spectrum of mitochondria, there could be some low molecular vibrational modes from 
proteins and other components, which could be inconspicuous. The presence of hVDAC 
protein in mitochondria was already demonstrated (Figure 18). Previous studies which used 
514 nm laser excitation wavelength documented the Raman spectrum of bacterial outer 
membrane protein (OMP), a homolog of hVDAC in bacteria, and showed that the bacterial 
OMP had Raman peaks at 1553, 1577, 1602 and 1613 cm-1. The peaks at 1553 cm-1 and 1577 
cm-1 were assigned to tryptophan whilst those at 1602 cm-1 and 1613 cm-1 were assigned to 
phenylalanine and tyrosine residues present in bacterial porin (Vogel and Jähnig, 1986). 
Raman measurements of tryptophan, used in this study confirm the presence of the peaks at 
1553 and 1577 cm-1(Figure 21). Hence, the presence of proteins in the mitochondria can not 
be doubted.  
 
Nucleic acids are one of the components of mitochondria and are expected to contribute to 
mitochondrial Raman spectrum. Figure 19 showed the presence of a band at 783 cm-1 due to 
nucleic acids resulting from pyrimidine bases cytosine and thymine (Peticolas, 1975). 
However, this band was very weak suggesting that either the amount of the nucleic acids was 
low or that due to the penetrating depth of the laser, the spectra was mainly resolved from the 
outer mitochondrial membrane.  
 
The “Molecular Fingerprint” of mitochondria (See Table 11) was compared with Raman 
spectra obtained for human mitochondria in this study. The mitochondrial spectra in this study 
conformed with the “Molecular Fingerprint” of mitochondria as proposed by Tang and co-
workers, 2007 (Tang et al., 2007) with the exception of a Raman peak observed at 1602 cm-1. 
This Raman peak at 1602 cm-1 was first reported by Huang and co-workers and observed to 
be associated with ‘living’ mitochondria (Huang et al., 2005).  
 
The assignment of the 1602 cm-1 peak is still under debate. Whilst Tang and co-workers 
assigned this peak to phenylalanine, tyrosine and tryptophan residues (Tang et al., 2007), 
other researchers disagree with this observation (Pully and Otto, 2009). Pully and Otto state in 
their observations that phenylalanine contains another intense mode at 1586 cm-1 which was 
not observed in the mitochondrial spectra (Pully and Otto, 2009). Similarly, tyrosine has 
another more intense band at 1614 cm-1 that is also not observed in the mitochondrial spectra 
(Pully and Otto 2009). Interestingly, this peak has been observed only in Raman spectra of 
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metabolically active mitochondria and its intensity decreases when mitochondria are exposed 
to calcium ions (Huang et al., 2005; Pully and Otto, 2009; Tang et al., 2007). 
 
 
Figure 21: Raman spectra of amino acids tryptophan, phenylalanine and tyrosine. In the 1500 – 1640 cm-1 
region, tryptophan shows Raman peaks at 1557, 1578 and 1617 cm-1. Phenylalanine shows Raman peaks at 1587 
and 1603 cm-1 whilst tyrosine shows a Raman peak at 1614 cm-1. 
 
Indeed, the Raman spectra of dried mitochondria in this study did not show this presence of 
this peak (Figure 19). Since the assignment of this peak is still under debate, it is difficult to 
determine the reasons for the disappearance of this peak in dried mitochondria.  
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Table 12: The proposed Raman ‘molecular fingerprint’ of mitochondria as proposed by Tang 
and co-workers (Tang et al., 2007). 
Raman peak assignment1 
Yeast 
mitochondria 2 
Rat mitochondria 2 
Human fibroblast 
mitochondria 3 
C=C stretching vibrations of the cis –CH=CH
linkage of unsaturated lipid chains and amide I 
1656 1655 1658 
Tyrosine, phenylalanine and tryptophan residues
(in active mitochondria) 
1602 1602 NA 
Bending modes of CH2 and CH3 deformation of
lipids and proteins 
1440 1446 1439 
O-P-O of Lipids  1303 1303 1298 
Amide of proteins 1266 1266 1266 
Ring breathing mode of phenylalanine 1003 1003 1003 
1 according to (Tang et al., 2007) and (Huang et al., 2005); 
2 according to (Tang et al., 2007); 
3 from the current study); and 
NA: Not applicable as the mitochondria were dried and no longer metabolically active.  
 
As seen in the presented Raman spectra, phosphatidylcholine appears to contribute 
significantly to the Raman spectrum more than hVDAC (Figures 19-20). It is possible that 
due to this dominance of lipids some vibrational modes of other mitochondrial components 
are understated (Figure 20). Hence, the questions posed in this case would be; is it possible to 
use the local field enhancement of Au NPs to obtain an improved spectroscopic signal such 
that some hidden Raman peaks could be observed? Would the shape of the Au NPs show a 
significant effect in the Raman signal? In order to answer the posed questions, I investigated 
the potential of unfunctionalized as well as hVDAC antibody functionalized Au NPs to 
enhance Raman modes of mitochondria. 
3.1.3  Effect of Au NSs in SERS of isolated mitochondria 
To confirm that Au NPs were adsorbed onto mitochondria, dark field microscopy was 
performed. Brightfield images showed aggregates of mitochondria as irregularly shaped dark 
blobs (Figure 22 a) which appeared white in dark field images (Figure 22 b). Upon incubation 
with unfunctionalized NSs (50 nm diameter), mitochondria appeared as irregularly shaped 
dark blobs in brightfield images (Figure 22 c) similar with mitochondria without NPs (Figure 
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22 a). In dark field images, NSs appeared as red spots and associated with mitochondrial 
aggregates (Figure 22 d). In samples where mitochondria were incubated with antibody 
functionalized NPs, brightfield images showed similar dark blobs with irregular shapes 
(Figure 22 e), whilst dark field images showed that Au NPs associated with the aggregates of 
mitochondria (Figure 22 f). Brightfield images could not distinguish between mitochondrial 
aggregates with or without Au NSs (Figures 22 a, c and e). However, darkfield images 
showed clear differences between samples containing Au NSs (Figure 22 d and f) and those 
without (Figure 22 b). Nevertheless, regarding association of Au NPs with mitochondria, 
darkfield images did not show observable differences between mitochondria targeted with 
unfunctionalized Au NPs and those targeted with porin antibody functionalized Au NPs 
(Figure 22 d and f). In both cases Au NSs appeared to associate with mitochondria. 
 
 
Figure 22: (a) shows a brightfield image of mitochondria and in (b) darkfield image of mitochondria. 
Mitochondria appear as dark blobs in brightfield images and white in the darkfield image. Incubation with 
unfunctionalized Au NPs (50 nm) documents similar dark blobs in brightfield images (c) whilst darkfield images 
exhibit reddish spots associated with the mitochondrial aggregates (d). In (e) and (f) mitochondria were 
incubated with antibody functionalized Au NPs. The scale bar is 20 µm. 
 
In order to optimise the mitochondria: Au NS incubation ratios, I incubated a constant 
concentration of mitochondria with different concentrations of unfunctionalized Au NSs (50 
nm in diameter) followed by Raman spectroscopy analysis. Figure 23 shows Raman spectra 
of mitochondria incubated with varying concentrations of 50 nm diameter Au NPs (0.004 and 
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0.04 nM). At a lower concentration of 0.004 nM Au NSs, the Raman spectrum (red) of 
mitochondria was not significantly different from that of mitochondria without Au NSs 
(green) (Figure 23). Higher concentrations produced high scattering intensities, which masked 
the Raman signals (See Figure S2 in Appendix). At the Au NS concentration of 0.04 nM, the 
SERS spectrum showed noticeable differences with the normal Raman spectrum of 
mitochondria whereby the peak at 1076 cm-1 was somewhat enhanced (EF: 1.1) in the SERS 
spectrum. Calculation of enhancement is explained in Tables A1 and A2 in the appendix. 
Worth to note was the emergence of four Raman peaks in the 1500-1640 cm-1 region at 1553 
and 1575 cm-1 and some two smaller peaks flanking the double peaks (Figure 23) which did 
not show resemblance to the spectra of Au nanospheres (Figure S5 in appendix).  
 
Figure 23: (a) Raman Spectra of fibroblast mitochondria incubated with Au NSs (50 nm) in different 
concentrations. At lower concentrations (0.004 nM Au NS solution) Raman spectra of mitochondria (green line) 
was not significantly different from that of mitochondria without Au NPs (black line). At 0.04 nM concentration 
of Au NPs, an additional peak was observed at 1580 wavenumbers (cm-1) (red line) with a shoulder peak at 1552 
wavenumbers (cm-1) (see arrow) which is not observed in mitochondria without Au NPs. Intensities have been 
adjusted for clarity.  
 
The ‘new’ SERS peaks were not observed in normal Raman spectrum (green). Mitochondria 
preparations incubated with the same batch of Au NPs (50 nm) showed a similar trend (Figure 
24 a). The clear difference between the SERS and normal Raman scattering of mitochondria 
suggested a possible enhancement effect of Au NSs. It is likely that the Au NSs enhanced 
some selected groups which were probably in close proximity to the Au NSs (Efrima and 
Bronk, 1998). It is possible that the Au NPs enhance Raman peaks in tryptophan residues. 
Tryptophan contains the double peaks at 1553 and 1578 cm-1 that might be the enhanced 
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peaks (Figure 21). Au NPs are known to unspecifically attach to proteins through thiol groups 
or amino groups (Sasaki et al., 1997).  
 
Figure 24: (a) Raman spectra of fibroblast mitochondria incubated with unfunctionalized Au NSs (50 nm) and in 
(b) antibody functionalized Au NSs. Raman spectra of mitochondria incubated with unfunctionalized Au NPs 
documented an enhancement of Raman bands at 982 and 1075 cm-1. In the 1500-1800 cm-1 range “new” peaks 
were observed in mitochondria incubated with unfunctionalized Au NSs (1553 and 1575 cm-1). In mitochondria 
bound to antibody functionalized NPs a single “new” peak was observed at 1581 cm-1. The green and black 
curves represent different mitochondrial preparations incubated with the same batch of Au NPs. 
 
Since the Au NSs were unspecifically attached to mitochondria, I then used antibodies to 
specifically direct Au NSs onto mitochondria. Figure 24 b shows Raman spectrum of 
mitochondria incubated with Au NSs functionalized with hVDAC antibodies. The Au NSs 
were expected to attach specifically onto hVDAC protein on the outer mitochondrial 
membrane. In mitochondria incubated with antibody functionalized Au NSs, there was only 
one ‘new’ SERS peak observed in the 1500 cm-1 - 1640 cm-1 region at 1581 cm-1. As opposed 
to spectra of mitochondria with unfunctionalized Au NSs, no enhanced peaks were observed 
at 982 cm-1 or 1075 cm-1. In the 1500 – 1640 cm-1 range, lipids did not show observable 
peaks, rather tryptophan and phenylalanine residues showed Raman peaks (Figures 19, 20 and 
22). Upon comparison with the Raman spectra of the aromatic amino acid residues shown in 
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Figure 21, the ‘new’ SERS peaks may be due tryptophan and phenylalanine residues 
contained in protein components of mitochondria.  
 
I then investigated the effect of Au NPs on the hVDAC protein, which is one of the protein 
components of mitochondria. Figure 25 shows the normal Raman and SERS spectra of 
hVDAC protein.  
 
Figure 25: Raman spectra of the hVDAC protein (red) and hVDAC with Au NSs (red). The SERS spectrum 
shows a clear enhancement in the 700 – 1300 cm-1 of the peaks at 716, 768, 878, 1076 and 1145 and 1265 cm-1. 
Significantly, enhanced peaks were also observed in the 1500-1640 cm-1 range at 1546, 1573 and 1596 cm-1.  
 
As seen in the spectra, Au NSs appear to enhance some Raman peaks in the whole fingerprint 
region (700 cm-1 - 1600 cm-1). The enhanced peaks were observed at 716, 768, 878, 1075, 
1145, 1265, 1483, 1546, 1573 and 1596 cm-1. These Raman peaks could be assigned to the 
vibrations of the various amino acid residues contained in the hVDAC protein. Specific 
assignments of these peaks are included in Table A3 in the appendix.  
 
In addition, I also investigated the effect of Au NSs Au on the Raman scattering of l-
tryptophan. Hence, Au NSs were incubated with tryptophan in NaOH. Difference spectra 
were obtained by subtracting the spectrum of NaOH and are depicted in Figure 26. 
Interestingly, the SERS peaks of tryptophan residues (1076, 1140, 1260 cm-1 in Figure 26) 
compared favourably with some of the SERS peaks of the hVDAC protein (Figure 25) 
suggesting that tryptophan residues could indeed be significantly contributing to the SERS 
peak of hVDAC and probably subsequently to the SERS peaks in mitochondria. However, Au 
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NSs enhance different Raman peaks (1075, 1145, 1265, 1546, 1573 and 1596 cm-1) (Figure 
27) in the SERS spectra of hVDAC protein as they do in mitochondria (1076, 1553 and 1577 
cm-1) (Figure 25 a). Among other SERS related factors, this could be related to the adsorption 
orientation of the Au NSs on hVDAC and on mitochondria (Le Ru and Etchegoin, 2009a). 
 
Figure 26: Raman spectra of tryptophan (black) and tryptophan with Au NSs (red). The SERS spectrum shows a 
clear enhancement in the 1000 cm-1 – 1300 cm-1 of the peaks at 1076 and 1140 and 1260 cm-1. No significant 
enhancement is observed in the 1500 cm-1 -1640 cm-1 range. The intensity of the spectra in (b) has been adjusted 
for clarity. 
 
Upon comparison of the Au NSs enhancement of tryptophan, hVDAC and mitochondrial, it 
was apparent that Au NSs significantly enhanced Raman scattering of amino acid residues, 
notably l- tryptophan. It was also apparent that not all Raman peaks were enhanced rather, 
only some selected peaks were enhanced in all SERS spectra. For the hVDAC protein 
enhancement was observed in the whole fingerprint region (700 cm-1 -1600 cm-1) whilst for l-
tryptophan, it was observed in the 1000 cm-1 - 1300 cm-1 and for mitochondria mainly in the 
1500-1600 cm-1. As explained in the introduction, the SERS effect is dependent on a variety 
of factors which include the presence of hot spots and the molecular orientation of the 
adsorbates on the Au NPs (Le Ru and Etchegoin, 2009a). Due to the size difference between 
the hVDAC protein, mitochondria and l-tryptophan, it is likely that the manner of adsorption 
of hVDAC on Au NSs is different from that of mitochondria on Au NPs and likewise on l- 
tryptophan molecules. This would lead to enhancement of different vibrational modes. 
3.1.4  Raman spectra of mitochondria targeted with Au nanorods 
Further, in order to find out whether the shape of Au NPs has varying effects, I investigated 
the influence of NRs in the SERS spectra of mitochondria. Thus, similar to the Au NSs 
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experiments, mitochondria were incubated with unfunctionalized Au NRs. A constant 
concentration of mitochondria was incubated with varying concentrations of Au NRs and 
spectra were taken as shown in Figure 26. At lower concentrations (100x, 10x dilutions with 
water – red and green), SERS spectra were not significantly different from mitochondria 
without Au NRs (black line) (Figure 26). However at a dilution of 5 x dilution of Au NRs in 
water, significant enhancements were observed in Raman peaks at 1073 cm-1, 1175 cm-1 
whilst ‘new’ SERS peaks were observed at 1558 with a shoulder peak at 1586 cm-1. Similarly, 
these peaks may be assigned to the aromatic amino acid residues tryptophan and 
phenylalanine contained in proteins.  
 
Figure 27: (a) Raman spectra of fibroblast mitochondria incubated with Au NRs in different concentrations. 
When mitochondria were incubated with lower concentrations of Au NRs (diluted 1:100 or 1:10 in water), 
Raman spectra of mitochondria with Au NRs (red and black line) were not significantly different from that of 
mitochondria without Au NPs (green line). At a dilution ratio of Au NRs to water of 1:5, an additional peak was 
observed at 1558 cm-1 with a shoulder peak at 1586 cm-1 (see arrow). These peaks are not observed in spectra of 
mitochondria without Au NPs.  
 
To target Au NRs to mitochondria specifically, antibody functionalized Au NRs were 
incubated with mitochondria and SERS spectra were analyzed. Similar to the Au NSs, the 
antibodies were specific against hVDAC, the outer mitochondrial membrane protein. Figure 
27 a shows spectra of mitochondria incubated with Au NRs. In the SERS spectra, 
enhancement of the 1075 and 1175 cm-1 were documented (Figure 27 a). Similar to the NSs, 
the emergence of “new” SERS peaks were observed, however these appeared at 1557 cm-1 
with a shoulder peak at 1586 cm-1. For NSs the new peaks appeared at 1553 and 1575 cm-1. 
These peaks could possibly be enhanced peaks of tryptophan residues (1553 and 1575 cm-1) 
whilst 1586 cm-1 from phenylalanine residues (Figure 21).  
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Figure 28: (a) Raman spectra of fibroblast mitochondria incubated with unfunctionalized Au NRs (λmax2 = 754 
nm). (b) shows Raman spectra of mitochondria incubated with antibody functionalized Au NRs (λmax2 = 754 nm). 
The SERS spectrum in (a) showed enhanced peaks at 1073 and 1175 cm-1 and the emergence of “new” peaks at 
1557 with a shoulder at 1586. In (b) enhanced Raman peaks were observed at 1185 and 1351 cm-1 and the 
emergence of “new” peaks at 1509 (1511) and at 1548 (1555). Spectra of mitochondria with Au NRs were 
complicated to reproduce due to selective enhancement of different peaks. In SERS spectrum of AbAuNR, the 
broadening of the 1440 cm-1 peak and similarly that at 1062 cm-1 (1074 cm-1) were also observed. The intensity 
of the spectra in (b) has been adjusted for clarity. 
 
Incubation of mitochondria with antibody functionalized Au nanorods (Ab-AuNR) showed 
quite reproducible enhancement of peaks at 1185, 1351 (1353) cm-1 and the appearance of 
‘new’ peaks at 1509 (1511) cm-1 and 1548 (1555) (Figure 28b). The peak at 1185 cm-1 could 
be assigned to phenylalanine or nucleotide bases and that at 1351 to the amide III vibrations, 
whilst the peaks at 1509 and 1548 cm-1 could be assigned to aromatic amino acid residues in 
protein components of mitochondria (Willets, 2009). In the 1500-1600 cm-1 region, l-histidine 
shows a Raman peak at 1571 cm-1 whilst l-proline residues shows Raman peaks at 1550 and 
1626 cm-1 (Figure S3 in the appendix). Due to the inconsistency of the SERS peaks, 
assignment to specific vibration frequencies is complicated.  
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Whilst it may be argued that some of the peaks could come from the antibody itself, the 
spectrum of the antibody did not show any significant similarities to the SERS peaks of 
mitochondria incubated with Ab-AuNR apart from a strong phenylalanine peak at 1004 and a 
weak Raman peak at 1553 cm-1. The antibodies are likely to contain phenylalanine and 
tryptophan residues and this may have contributed in part to the observed SERS peak (Figure 
S4 in the appendix). However, since this peak is also seen in samples without the antibody, 
the antibody probably makes no significant contribution to the SERS spectra. Nonetheless, it 
is quite possible that the binding of the antibody to mitochondria through the antibody 
introduced some specific vibrational modes, which might significantly shift the SERS peaks.  
 
3.2  Transfection of NDs for live cell imaging 
The ability to target proteins or organelles in vivo with nanostructures and/or nanodevices is 
vital both for understanding and controlling their biological function (Charalambous et al., 
2009). For intracellular bioimaging, NPs need to be delivered inside cells. Due to their surface 
charge and/or their size, NPs can not diffuse across the cell membranes; therefore their 
translocation across cell membranes has to be mediated (Derfus et al., 2004). Various 
synthetic transfection reagents have been shown to mediate delivery of NPs in living cells 
(Derfus et al., 2004). Different reagents have the capability of transporting NPs across cell 
membranes (Derfus et al., 2004). Cellular uptake and subsequent intracellular trafficking 
mechanisms of DNA, peptides and drugs have been well documented (Caracciolo et al., 2009; 
Caracciolo et al., 2007a; Caracciolo et al., 2007b; Manunta et al., 2004; Pujals et al., 2006; Xu 
and Szoka, 1996; Zuhorn and Hoekstra, 2002; Zuhorn et al., 2002). Although there are some 
studies which have documented the delivery of NPs inside cells using various methods such 
as direct injection, electroporation and use of non viral cell transfection agents (Derfus et al., 
2004) there is still yet not much literature available which has focused on the uptake 
mechanisms and intracellular trafficking of NPs inside living cells. In this study, I used three 
different transfection reagents to evaluate the potential of NDs and NDs conjugates as a 
bioimaging agent. I used PULSin™, a cationic liposome, protamine sulfate, a cell penetrating 
peptide and Stp 1791, an oligosaccharide modified polypropyleneimine (PPI) dendrimer to 
transfect NPs inside cells. 
 
In this chapter, I will present results on the delivery of antibody functionalized NDs inside 
cells mediated by PULSin™, protamine sulfate and the dendrimer Stp 1791. The ultra 
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dispersed detonational diamonds used in this study have been previously documented to have 
fluorescence properties (Zhao et al., 2004). The conjugation of antibodies to the NDs 
conferred a targeting functionality to the nanodiamond immunoconjugates. The 
immunoconjugates therefore combined the fluorescence properties of NDs and the targeting 
functions of the antibody to enable cell imaging of intracellular organelles in living cells.  
3.2.1  Uptake of NDs and nanodiamond conjugates into HeLa cells 
In order to determine an effective transfection reagent for NDs and nanodiamond conjugates, 
I tested three transfection reagents to mediate intracellular delivery of NDs into HeLa cells. 
The transfection reagents used were commercially available cationic liposomes PULSin™, 
protamine sulfate and 4th generation maltotriose modified dendrimer Stp 1791. The 
transfection reagents are believed to form non-covalent complexes with NDs or nanodiamond 
conjugates and mediate their translocation inside cells.  
 
3.2.1.1  PULSin™-mediated uptake of NDs 
PULSin™ is a commercially available mixture of cationic lipids known to mediate delivery of 
proteins inside cells (Cortes et al., 2007). To assess the efficacy of PULSin™, transfection of 
unfunctionalized and antibody functionalized NDs into HeLa cells were compared. Firstly, 
antibodies directed against the alpha subunit of actin or mitochondria were chemically 
conjugated to NDs. The resulting immunoconjugates were transfected into HeLa cells in the 
presence of PULSin™. Conjugation of antibodies onto NDs was also confirmed by 
performing immunofluorescence of transfected cells with a secondary antibody specific for 
the antibody. The results are included in the appendix (See Figure S9). As a control, 
unfunctionalized NDs were similarly transfected into HeLa cells. The results from the 
investigation are presented in Figure 29. In this study, NDs were specifically evaluated for 
live cell imaging. 
 
In cells where unfunctionalized NDs were transfected, globular aggregates in the cytoplasm 
were observed in the brightfield image (Figure 29 a). These globular aggregates appeared as 
fluorescent aggregates in fluorescence images (Figure 29 b and c). The fluorescent aggregates 
were restricted to the cytoplasm. Similarly, globular aggregates were observed in actin 
antibody functionalized and in mitochondria antibody functionalized NDs (Figures 29 d and g 
respectively) which gave a punctuated fluorescent pattern in fluorescence images. Figure 29 e 
and f show fluorescence and overlay images of actin antibody functionalized NDs while 
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Figures 29 g and h show cells transfected with mitochondria antibody functionalized NDs. In 
spite of the type of functionalization, a similar staining pattern was observed. The punctuated 
pattern reminiscent of aggregate formation in the cells strongly suggested the failure of NDs 
to escape from the endosomes.  
 
 
Figure 29: HeLa cells were transfected with unfunctionalized NDs (a-c), actin antibody functionalized NDs (d-f) 
and mitochondrial antibody functionalized NDs (g-i) using PULSin™ as a transfection reagent. Regardless of 
the functionalization PULSin™ mediated transfection showed punctuated fluorescence in fluorescence images 
suggesting a failure of NDs to escape from the endosomes. The scale bar is 30 µm. 
 
In order to find out if the NDs were trapped in endosomes, cells transfected with actin 
antibody functionalized NDs were co-stained with an endosome specific dye FM 4-64. Figure 
30 (a-c) shows cells transfected with actin antibody-nanodiamond conjugates and stained with 
the endosome specific stain FM 4-64. The cells were imaged with the FITC filter and TRITC 
filter to image NDs (Figure 30 a) and endosomes (Figure 30 b). In the overlay images, 
brightfield, FITC and TRITC fluorescence images were merged. With the FITC filter, NDs 
were observed as green spots inside the cells whilst endosomes could be observed as red spots 
with the TRITC filter (Figure 30 b). In the overlay images, the green and the red fluorescent 
spots overlapped to give yellow fluorescent spots, which suggest that the NDs co-localized 
with endosomes. Untransfected cells showed a slight autoflorescence with the FITC filter 
(Figure 30 d). With the TRITC filter endosomes were observed as red spots throughout the 
cell cytoplasm (Figure 30 e). The merged images showed mostly red spots arising from the 
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endosome staining. It is most likely that NDs, regardless of the functionalization status, were 
trapped in endosomes in PULSin™ mediated transfections.  
 
Figure 30: PULSin™ mediated transfection of HeLa cells transfected with actin antibody functionalized NDs 
were co-stained with an endosome stain FM 4-64 which colocalizes with endosomes. The upper row represents 
HeLa cells transfected with actin antibody functionalized NDs imaged with the green filter (left), red filter 
(middle) and to the right is an overlay image of a brightfield image, and fluorescence images taken with the 
green and the red filter. The bottom row shows untransfected cells similarly imaged as above. In cells transfected 
with actin antibody functionalized NDs, there is a strong suggestion that the NDs are still in endosomes even 
after more than 24 hours after transfection. 
 
3.2.1.2  Protamine-mediated uptake of NDs 
Likewise, HeLa cells were transfected with unfunctionalized NDs, actin antibody-ND and 
mitochondria antibody-ND conjugates using protamine sulfate as a transfection reagent 
(Figure 31). In cells transfected with unfunctionalized NDs, globular structures were observed 
in brightfield images (Figure 31 a). In fluorescence images, diffuse cytosolic fluorescence and 
green fluorescent aggregates were observed mostly localized in the perinuclear zone (Figure 
31 b and c). Protamine has previously been shown not only to translocate through membranes, 
but in addition to be capable of entering the nucleus [20]. Possibly, the size of protamine-NDs 
complexes interfered with nuclear uptake and led to perinuclear accumulation.  
 
In cells that were transfected with actin antibody-nanodiamond conjugates, brightfield images 
did not show prominent aggregates inside the cells (Figure 31 d), rather a diffuse cytoplasmic 
staining was observed in fluorescence images (Figure 31 e and f). The actin antibody was 
directed at the alpha subunit of actin, which is localized in the cytoplasm (Romanelli et al., 
2004). In the same way, brightfield images of cells transfected with mitochondria antibody-
nanodiamond conjugates did not show prominent aggregates in the cell cytoplasm (Figure 31 
g). The fluorescence images showed a staining pattern reminiscent of mitochondria staining 
(Figure 31 h and i). 
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Figure 31: HeLa cells were transfected with unfunctionalized NDs (a-c), actin antibody functionalized NDs (d-f) 
and mitochondrial antibody functionalized NDs (g-i) using protamine sulphate as a transfection reagent. The 
scale bar is 30 µm. 
 
3.2.1.3  Dendrimer-mediated uptake of NDs 
Influence of dendrimer on nanodiamond transfection into HeLa cells were tested similar to 
PULSin™ and protamine. The results are presented in Figure 32. Live cell microscopy 
showed brightfield images of dendrimer-mediated transfected cells with small black spots 
localized in the cytoplasm inside the HeLa cells (Figure 32 a). The black spots were 
fluorescent in fluorescence images (Figure 32 b and c). In addition, there was a diffuse 
cytoplasmic fluorescence suggesting that the NDs were dispersed in the cytoplasm with 
relatively fewer aggregates as compared with PULSin™-mediated or protamine-mediated 
transfections (Figure 29 b, 31 b and 32 b respectively). 
 
As opposed to unfunctionalized nanodiamond cell transfections, dark spots were neither 
observed in brightfield images of actin antibody-nanodiamond nor mitochondria antibody-
nanodiamond conjugate transfections (Figure 32 d and g). However, the best fluorescence 
staining suggestive of alpha actin staining was observed in cells transfected with actin 
antibody-nanodiamond conjugates (Figure 32 e and f). The cells showed fluorescent staining 
of NDs mostly associated with plasma membrane ruffles and focal adhesions that were 
reminiscent of typical actin cytoskeleton. In contrast, protamine-mediated transfected cells 
showed a rather diffuse staining in the cytoplasm not specifically associated with cell 
structures (Figure 31 e).  
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Figure 32: HeLa cells were transfected with unfunctionalized NDs (a-c), actin antibody functionalized NDs (d-f) 
and mitochondrial antibody functionalized NDs (g-i) using dendrimer Stp 1791 as a transfection reagent. The 
scale bar is 30 µm. 
 
Cells transfected with mitochondria antibody-nanodiamond conjugates also showed the best 
fluorescence-staining pattern suggestive of mitochondrial staining (Figure 32 h and i). A 
similar staining pattern was observed in fluorescence microscopy images of cells, which were 
treated with unconjugated mitochondrial antibodies and subsequently detected with secondary 
alexafluor 488 conjugated antibodies (Figure 33 d-f). The fluorescence intensity of the 
secondary antibody was relatively reduced in cells detected with Alexafluor 488 coupled 
antibodies due to bleaching in the course of the experiment. 
 
 
Figure 33: (a-c) shows brightfield, fluorescence and overlay images of cells transfected with mitochondria 
antibody-nanodiamond conjugates. In (d-f) cells were transfected with mitochondria antibody and detected with 
Alexafluor 488 secondary antibodies. All cell transfections were mediated by dendrimer Stp 1791. The scale bar 
is 30 µm. 
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3.3  Targeting of Au NPs to mitochondria for 
photothermolysis in living cells 
3.3.1  PULSin™-mediated targeting of Au NP conjugates to 
mitochondria 
To introduce Au NP conjugates in cells, antibody-functionalized Au NP conjugates were 
mixed with transfection reagents then incubated with cells. Three different reagents were 
tested to identify the transfection reagent with the highest transfection efficiency and the 
ability to target the antibody conjugates in human cells. To this end, PULSin™, a mixture of 
cationic liposomes, 4th generation maltotriose-modified dendrimer Stp 1791, and protamine (a 
cell penetrating peptide) were used. I analyzed the uptake of Au NP, the efficacy of the 
transfection reagent and selective targeting of the immunoconjugate using scanning electron 
microscopy (SEM) and scanning transmission electron microscopy (STEM).  
 
To determine the uptake of Au NPs by cells, cells were transfected with either Au NR or Au 
NS conjugates. Using a combination of low and high electron beam voltages in SEM it was 
possible to detect the presence of NPs either outside or inside the cell. Figure 34 shows 
images taken with 1 keV and 10 keV SEM beam energies (Figures 34 a and b, respectively). 
At 1 keV, the cells surface is visible including the focal adhesion points, where the cell is 
attached to the substrate (Figure 34 a). Higher electron beam energies (10 keV) showed the 
loss of cell surface details suggesting that the detected backscattered electrons from the 
sample came from inside the cell (Figure 34 b). A series of higher magnification images taken 
from the indicated rectangular part in Figure 34 confirmed this observation.  
 
 
Figure 34: SEM images of a breast cancer cell (JIMT-1) transfected with antibody functionalized Au NRs (λmax2 
754 nm). In (a) 1 keV electron beam energy was used to image the cell surface. In (b) high (10 keV) electron 
beam energies show that electrons were backscattered from inside the cell. Cell surface features appear hazy. 
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Figure 34 compares 1 keV and 10 keV electron beam SEM images of a cell transfected with 
hVDAC antibody functionalized Au NRs using PULSin™. In lower magnification images 
(Figure 35 a,b,e and f), cell surface features such as a fissure in the cell membrane could be 
observed for 1keV indicating that the electrons were scattered from the cell surface (Figure 35 
a). Images taken with 10 keV of the same spot showed the loss of cell surface features for 
example cell membrane fissure. This suggests that at 10 keV, electrons are backscattered from 
inside the cell (Figure 35 b). In higher magnification images, only the cell surface is evident 
in 1 keV images with no indication of Au NRs on the cell surface (Figures 35 c and d). In 10 
keV images, well dispersed Au NRs are clearly visible suggesting that the Au NRs were 
internalised in the cell (Figures 35 g and h). 
 
Figure 35: (a-d) SEM images taken with low electron beam energy (1keV) showing the cell surface. In (e-h) 
SEM images of the same spot were taken with high electron beam energy (15 keV). In (g-h) Au NRs (λmax2 754 
nm) are visible suggesting successful uptake of Au NRs inside the cells. 
 
In order to confirm internalization of Au NPs, STEM analyses were performed. Figure 36 
documents the uptake of Au NPs in HeLa cells. PULSin™ -mediated uptake of Au NSs (45 
nm) seem to follow more than one endocytic pathway. In Figure 36 a, Au NSs, which were 
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observed as black spots, appeared to be complexed by dark grey elongated tube-like structures 
assumed to be the mixture of cationic liposomes, PULSin™. The Au NSs appear to be 
attached onto one end of the PULSin™, strongly suggesting electrostatic interactions between 
the negatively charged Au NPs and the cationic phosphate head group of the PULSin™ 
liposomes. In the image, two morphologically different vesicle-like structures were observed 
to contain the PULSin™-Au NP complexes. The white arrow points to a flask-shaped vesicle 
of about 500 nm size, suggestive of a caveosome (Doherty and McMahon, 2009), which 
appears to contain some PULSin™-Au NP complexes. The red arrow points to a larger round 
shaped vesicle of about 1 µm containing several PULSin™-Au NP complexes as well as 
some smaller vesicles embedded within it. The morphology of this vesicle is reminiscent of 
macropinosomes (Doherty and McMahon, 2009). 
 
 
Figure 36: Uptake of eGFP-Au NP (45 nm) conjugates in HeLa cells. Au NPs seen in the images as black spots 
appear to be complexed with PULSin™ before uptake. Two morphologically different vesicle structures were 
observed to carry the PULSin™-Au NP complexes. Flask-shaped vesicles of about 500 nm (white arrows) and 
large (about 1 µm) vesicles containing some smaller vesicles within it could be documented in the same cell (red 
arrow). The blue arrow shows the arrangement of the Au- PULSin™ complexes within the vesicle whereby the 
lipids form a core and the Au NPs are attached around the lipid core in contact with the hydrophilic vesicular 
fluid. 
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Intracellular trafficking of the PULSin™-Au NP complexes seemed to indicate the rupture of 
endosomes containing PULSin™-Au NP complexes. Figure 37 a shows a cell that was fixed 
one hour after transfection. A higher magnification image of the marked spot revealed a 
structure that seemed to be remnants of an endosome. The Au NPs appear to have been 
enclosed in an endosome, which most probably ruptured. The arrow indicates part of the 
vesicular membrane (Figure 37b). In the vesicle, Au NPs which seem not be complexed with 
PULSin™ have apparently agglomerated, whilst those attached to PULSin™ are still 
disperse. In addition, structures similar to PULSin™ appear to be targeted to the Golgi 
complex or the smooth ER (Figure 37c). However, the structures in the ER appear not to be 
complexed with Au NPs. 
 
Figure 37: (a) Intracellular trafficking of eGFP-Au NP conjugates. A HeLa cell was transfected with eGFP 
conjugated Au NSs (45 nm) using PULSin™ as a transfection reagent. The cell was fixed one hour after 
transfection. (b) A magnified image of the same cell showing a ruptured endosome (dotted outline). The Au NSs 
are seen as black spots whilst the cationic liposomes PULSin™ are documented as dark grey elongated 
structures. The arrow shows part of the ruptured vesicular membrane of the endosome. The endosome appears to 
have ruptured on the side where the liposome interacts with the endosomal membrane. In addition, the 
PULSin™ appears to have undergone some degradation within the endosome. In (c) PULSin™ appears to have 
been targeted to the Golgi complex/endoplasmic reticulum. The upper arrow shows the Golgi/ER, whilst the 
lower arrow shows PULSin™ liposomes. 
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In order to target Au NPs selectively to mitochondria, antibodies targeting the mitochondrial 
protein porin were conjugated to Au NPs and transfected into breast cancer cells (JIMT-1). In 
order to ensure that antibody-functionalized Au NP conjugates were delivered to 
mitochondria, cells were transfected and further incubated for 24 h in serum containing 
medium. Then cells were fixed and prepared for STEM. Figure 38 shows a breast cancer cell, 
transfected with mitochondrial antibody-conjugated Au NPs (45 nm).  
 
 
Figure 38: (a-c) Selective targeting of mitochondrial antibody-Au NP (45 nm) conjugates using PULSin™. The 
cell transfected with mitochondrial antibody-Au NP (45nm) was fixed 24 hours after transfection. At this time 
point, PULSin™ is no longer observed, however most Au NPs are seen as aggregates (see white arrows) with 
few NPs targeted onto mitochondria (see blue arrow).  
 
Twenty-four hours after transfection, Au NPs could only be seen as agglomerates in the cell 
(see white arrows Figures 38 a and c). Few Au NPs appeared to be targeted to mitochondria 
(see blue arrow Figure 38 c). It is apparent that Au NPs agglomerate within the endosomes. 
Therefore, although the endosomes rupture the Au NPs cannot reach their target due to the 
 
 83
agglomeration, which likely interferes with the function of the antibody. In a few cases, Au 
NPs could be targeted to mitochondria (Figure 38 c, blue arrow).  
Due to the agglomeration of Au NP immunoconjugates in transfected cells, protamine and 
dendrimers were tested as transfection reagents for selective targeting of Au NPs to 
mitochondria. 
3.3.2  Protamine-mediated targeting of Au NP conjugates to 
mitochondria  
In order to target Au NPs selectively to mitochondria in living cells, it was important to 
ensure that the Au NPs are successfully introduced into cells and subsequently released in the 
cytoplasm so that they could be targeted to mitochondria. For this purpose, the cell 
penetrating peptide, protamine and the dendrimer Stp1791 were used in addition to PULSin™ 
for transfection. Protamine was already reported as an efficient transfection mediator 
(Reynolds et al., 2005).  
 
 
Figure 39: Transfection of JIMT-1 cells  with mitochondrial antibody functionalized Au NSs (10 nm) using 
protamine sulfate as a transfection reagent. In one cell, Au NPs appear to be enclosed in a vesicle localized close 
to the nuclear membrane (a and b). Image (b) is a magnification of the marked part in image (a). In another cell, 
Au NPs appear to be embedded in the nuclear membrane (see arrow), and other NPs (black spots) appear to be 
partly enclosed in a membrane localized near the nuclear membrane. The scale bars are 2 µm, 5 µm, 1µm and 
2µm for a, b, c and d respectively. 
 
To target Au NPs to mitochondria, Au NPs were conjugated to hVDAC antibodies and 
complexed with protamine as outlined in the Methods section. Cells were fixed 24 hours after 
transfection in order to allow the progression from endosomes to mitochondria. Figure 39 
shows the transfection of hVDAC antibody functionalized Au NP (10 nm) conjugates into 
JIMT-1 cells mediated by protamine sulfate.  
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Twenty four hours after transfection, Au NP-conjugates seemed to be still enclosed in vesicles 
of about 400 -500 nm. The vesicle, which was localized near the nucleus, was clearly not 
clathrin-coated (Figure 39 b). Since protamine is known to have a nuclear localizing sequence 
and can deliver cargo to the nucleus (Reynolds et al., 2005), it is possible that the vesicles 
containing the Au NPs were directed to the nucleus.  
3.3.3  Dendrimer-mediated targeting of Au NP conjugates to 
mitochondria 
Similar to PULSin™ and protamine, the oligosaccharide modified PPI dendrimer was 
assessed as a transfection reagent for Au NP conjugates in breast cancer cells. In addition to 
antibody functionalization, Au NPs were also functionalized with mitochondrial localizing 
turbo green fluorescent protein (mitoTGFP). MitoTGFP is a fusion protein containing a 
mitochondrial localizing sequence from cytochrome c oxidase subunit VIII (Rizzuto et al., 
1995; Rizzuto et al., 1989). 
 
It was cost effective to work with this protein because it could be produced in large quantities. 
In addition, mitoTGFP, which contains a mitochondrial localizing sequence, was expected to 
target Au NP conjugates to mitochondria. To target antibody functionalized or mitoTGFP 
functionalized Au NPs, cells were transfected with either Ab-Au NP (20 nm) or mitoTGFP-
Au NPs (20 nm) and incubated for 24 hours after transfection to allow targeting of Au NP 
conjugates to mitochondria and subsequently analyzed using STEM. Figure 40 shows a cell 
transfected with mitoTGFP-Au NPs. As seen in the images, relatively very little 
agglomeration of Au NPs was observed in the cells (Figure 40 a). Au NPs, seen as black 
spots, were observed to be associated with mitochondria. Mitochondria could be clearly 
identified as dark  grey organelles with double membranes inside the cells (Figure 40 d).  
 
Conjugates of mitoTGFP-Au NPs appear to be taken up by endocytosis as evidenced by the 
presence of nanospheres in vesicles (See Figure S14 in appendix). The vesicle does not 
resemble clathrin coated vesicles (Figure S14 b) (Doherty and McMahon, 2009). Au NPs are 
observed to be closely associated with the vesicle suggesting a non clathrin dependent 
endocytic uptake of Au NPs. The vesicles probably burst and release the conjugates into the 
cytosol (Figure S14 d). The Au NPs are targeted to mitochondria (See Figure S15). 
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Figure 40: (a) A breast cancer cell, transfected with mitoTGFP-Au NSs (20 nm) using oligosaccharide modified 
dendrimer Stp 1791 as a transfection reagent. (b) A magnified image of the part marked with a rectangle in (a). 
The dark grey organelles represent mitochondria. The black spots represent Au NPs. It is evident from the image 
that Au NPs appear to be associated with mitochondria. (c) shows a magnified image of the area marked with a 
rectangle in image (b). In (d) Au NPs are observed to be in the inner membrane of mitochondria. 
 
Further, mitoTGFP and mitochondrial specific antibodies were assessed as targeting moieties 
of Au NP conjugates. Figure 41 compares high magnification images of a cell transfected 
with antibody functionalized Au NPs and another transfected with mitoTGFP-Au NPs. 
VDAC antibodies specifically targeted porin, an abundant protein of the outer mitochondrial 
membrane.  The protein mitoTGFP contained a mitochondrial localizing sequence of subunit 
VIII of cytochrome c oxidase, which normally localizes to the IMM. As seen in the images Au 
NPs were targeted to mitochondria regardless of the targeting moiety (Figure 41). Results 
from at least 6 different cells revealed that in the case of antibody-functionalized Au NPs, 
about 50 % of the NPs (per 100 nm ultra thin cross section) were observed to be mostly 
localised in the OMM or the intermembrane space (IMS) (Figure 41 a). In cells transfected 
with mitoTGFP-Au NP conjugates, at least 60 % of the NPs were observed to be located in 
the IMM (Figure 40 b) (Also in appendix – Figure S15).  
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Figure 41: (a) Cells transfected with mitochondrial antibody functionalized Au NPs (20 nm) and (b) mitoTGFP 
functionalized Au NPs (20 nm) using oligosaccharide modified dendrimer Stp 1791 as a transfection reagent. 
Although in both cases, Au NPs appear to be associated with mitochondria, in (a) Au NPs are mostly localised 
on the OMM and the intermembrane space whilst in (b) they are mostly in the IMM. 
3.3.4  Irradiation of cells transfected with mitochondrially targeted 
Au NPs 
After selectively targeting Au NPs to mitochondria, I explored the use of the near field 
enhancement (NFE) effect of Au NPs in combination with laser irradiation to burst or 
denature mitochondria. The aim of this experiment was to permeabilize mitochondria targeted 
with Au NPs in living cells using low power laser irradiation. The permeabilization of 
mitochondria would induce the mitochondrial dependent apoptotic pathway. 
 
Untransfected and cells transfected with mitoTGFP-Au NRs (λmax2 at 639 nm) were irradiated 
for 347s and 688s using a helium-neon laser (633 nm) with laser power of 1.7 mW/cm2 (dose 
0.6 J/cm2). The irradiation laser wavelength was selected such that it is in the visible or near 
infrared region where there would limited damage to cells without Au NPs. Secondly, it was 
important that the irradiation laser wavelength lies within the LSPR absorption maximum of 
the Au NPs to ensure a photothermal enhancement effect. 
 
 87
In order to assess the integrity of the mitochondrial membrane, cells were fixed, 
permeabilized and stained with anti cytochrome c antibody after irradiation. Cytochrome c is 
a protein, which is normally found inside metabolically active mitochondria, but it is released 
into the cytosol through special permeability pores upon apoptosis induction. Hence, 
apoptotic cells would show the presence of cytochrome c in the cytoplasm and non apoptotic 
cells would show a structured staining indicating that cytochrome c is still associated with 
mitochondria. 
  
Figure 42 a and b show brightfield and fluorescence images of non-irradiated untransfected 
cells. In the brightfield image, cells are stretched and have morphology of non apoptotic 
adherent cells. In fluorescence images, staining was associated with cellular structures 
supposedly mitochondria. Cells transfected with mitoTGFP conjugated Au NRs were 
adherent but with retracted cytoplasm indicating that the transfection of the mitoTGFP 
conjugated Au NRs imposed physiological stress on the cells (Figure 42 c). Transfected cells 
showed a diffuse fluorescence staining both in the cytoplasm and in the nucleus (Figure 42 d). 
The diffuse staining was due to free cytochrome c in the cytosol and the punctated staining 
could result from fragmented mitochondria (Figure 42 d). The fluorescence staining in the 
nucleus is suggestive of a compromised nuclear membrane. In contrast, the nuclei of 
untransfected cells showed no fluorescence staining (Figure 42 b).  
 
 
Figure 42: Brightfield and fluorescence images of untransfected HeLa cells (a, b) and HeLa cells transfected 
with Au NRs with λmax2 at 639 nm. The cells were fixed and detected with cytochrome c antibodies and FITC 
coupled secondary antibodies. The scale bar is 30 µm.  
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In order to assess the potential of Au NPs to denature or burst mitochondria through 
photothermolysis, both untransfected cells and cells transfected with mitoTGFP-Au NRs were 
irradiated for 347 s. Cytochrome c staining proceeded as already described. Figure 43 shows 
cytochrome c staining of untransfected and transfected cells after irradiation for 347 s (dose 
0.6 J/cm2). Untransfected cells showed morphology of adherent cells with intact cell to cell 
adhesions (Figure 43 a). Fluorescence images showed an intense diffuse cytosolic and nuclear 
staining with a few punctated points indicating that larger proportion of the cytochrome c was 
in the cytosol (Figure 43 b). Transfected cells showed evident cytoplasmic retraction and 
complete loss of cell to cell adhesions (Figure 43 c). Fluorescence images showed intense 
fluorescence staining in the cytosol as well as the nuclei (Figure 43 d). Similarly, a higher 
proportion of free cytochrome c could be seen in the cytosol and nuclei than that associated 
with mitochondria suggestive of permeabilized mitochondria and a compromised nuclear 
membrane. The punctated fluorescent spots were small indicating that most of the 
mitochondria could be fragmented. 
 
 
Figure 43: Irradiation of untransfected cells (a, b) and cells transfected with mitoTGFP coupled Au NRs with 
λmax2 at 639 nm for 347 s (c, d). After irradiation, the cells were fixed and detected with cytochrome c antibodies 
and FITC coupled secondary antibodies. Untransfected cells showed intact cell to cell adhesions, which in 
transfected cells were lost due to cytoplasmic retraction (see arrows) (d). Both untransfected and transfected cells 
showed the presence of free cytochrome c in the cytosol. The scale bar is 30 µm. 
 
Laser irradiation over a period of 688 s (dose 1.2 J/cm2) in untransfected cells resulted in 
adherent cells with cytoplasmic retraction and onset of loss of cell to cell adhesions (Figure 44 
a). Fluorescence images showed a high proportion of free cytosolic cytochrome c with low 
nuclear fluorescence staining and few small punctated points (Figure 44 b). Transfected cells 
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showed round shaped non adherent cells denoting cell death (Figure 44 c). Fluorescence 
covered the whole cell with no discernible nucleus (Figure 44 d). There was a remarkable 
difference between untransfected and transfected cells after irradiation with a dose of 1.2 
J/cm2.  
 
Figure 44: Irradiation of untransfected cells (a, b) and cells transfected with mitoTGFP coupled Au NRs with 
λmax2 at 639 nm for 688 s (c, d). After irradiation, the cells were fixed and detected with cytochrome c antibodies 
and FITC coupled secondary antibodies. Untransfected cells showed some free cytosolic cytochrome c while 
transfected cells had the typical round shape of dead cells. The scale bar is 30 µm.  
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4.0  DISCUSSION 
The use of NP bioconjugates in bioassays is important because they combine the superior 
optical properties of NPs and functionality of proteins such as antibodies or other targeting 
moieties. In order for such bioconjugates to function properly, some requirements need to be 
fulfilled. The chapter explores the potential underlying mechanisms based on previously 
reported results and from this perspective discusses the presented results. In some cases, 
current challenges are outlined and some proposals on how these challenges could be 
addressed are discussed. 
 
4.1  Interaction of Au NPs with isolated human mitochondria 
In this study, I explored the potential application of Au NP conjugates as surface enhanced 
Raman spectroscopy labels to study mitochondria. In order to address this aim, there was need 
to verify the purity of mitochondria. Then, Au NPs needed to be targeted onto mitochondria 
either unspecifically or through specific attachment to a known protein. Finally, to evaluate 
Au NPs as potential SERS labels, I conducted Raman spectroscopy analysis of mitochondria 
with or without Au NPs. In order to identify the main groups affected by the near field 
enhancement effect of Au NPs, I also analyzed Raman spectra of amino acids and lipids that 
are contained in mitochondria.  
4.1.1   Validation of mitochondrial purity 
To assess the mitochondrial isolation procedure, mitochondrial isolation was performed from 
breast cancer cells, which were stably expressing a red fluorescent protein (mitoTRFP) which 
is localized in mitochondria. Fluorescence microscopy images of breast cancer cells 
expressing the mitoTRFP showed the localization of mitoTRFP to mitochondria in living 
cells. Mitochondria were observed to have a stretched shape and formed networks (Figure S1 
in Appendix). This is probably due to their association with the cytoskeleton, which enables 
them to maintain the elongated form (Boldogh and Pon, 2006). In contrast, due to the absence 
of the cytoskeleton isolated mitochondria were observed as round spots of about 1µm in 
diameter (Figure S1 in Appendix).  
 
Then using the same procedure as above, I isolated mitochondria from breast cancer as well 
as fibroblast cells. The presence of a strong band at 35 kDa specific to hVDAC, a 
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mitochondrial protein also known as porin, on the Western blots, confirmed the presence of 
mitochondria in the isolated fractions. In the cytoplasmic fraction, a reduced signal of a high 
molecular weight isoform of porin was observed (Figure 18). Due to alternative splicing, 
hVDAC1 is known to have two isoforms, one of which is targeted to mitochondria and the 
other to the plasma membrane through the Golgi complex secretory pathway. The targeting of 
the plasma membrane localized hVDAC1 is due to a hydrophobic leader peptide signal 
composed of 13 amino acids (Bahamonde et al., 2003; Buettner et al., 2000). This explains 
why a higher molecular weight of hVDAC isoform is present in the plasma membrane 
fractions. The mitochondrial localized hVDAC1 is not known to have a targeting sequence as 
it spontaneously inserts itself into the outer mitochondrial membrane (Shanmugavadivu et al., 
2007).  
 
No cytoplasmic proteins were detectable in the enriched mitochondrial fractions as evidenced 
by the lack of a protein GAPDH protein bands in the M1 fraction thereby confirming the 
purity of the enriched mitochondrial fraction (Figure 18). Following the biochemical analyses, 
I performed Raman spectroscopy of the enriched mitochondrial M1 fractions.  
 
Raman spectra of human isolated mitochondria showed phosphatidylcholine dominance 
(Figure 19). Phosphatidylcholine, being one of the major mitochondrial components (Daum, 
1985; Lomize et al., 2006) was expected to contribute substantially to the mitochondrial 
Raman spectra. Nevertheless, the outer mitochondrial membrane contains a lipid to protein 
ratio of about 0.5 (by weight) whilst the inner membrane contains a lipid to protein ratio of 
0.3 (Alberts et al., 2008). In view of this, it was expected that protein spectra would have 
comparable dominance to the Raman spectra. It is possible that lipids and proteins differ in 
their scattering efficiencies at the particular excitation wavelength of 785 nm. Some 
mitochondrial proteins such as cytochrome c, which contain the porphyrin ring, are known to 
have an efficient Raman scattering cross section in the visible excitation wavelength range 
(514 – 633 nm) rather than at 785 nm. This is because within the porphyrin ring different 
chromophores absorb in the visible range thereby enhancing the vibrational modes associated 
with these chromophores (Beattie et al., 2005). Therefore, it is quite possible that at 785 nm 
excitation wavelength most of the Raman signal from mitochondrial proteins would be 
understated as shown in Figure 20.  
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Nevertheless, the “Molecular Fingerprint of Mitochondria” identified by Huang et al. 2005 
and confirmed by Tang et al. 2007 could also be identified in the mitochondrial spectra used 
in this study with the exception of one peak (Huang et al., 2005; Pully and Otto, 2009; Tang et 
al., 2007). The notable difference between the published spectra and the mitochondrial spectra 
in this study was the absence of the 1602 cm-1 peak. As already explained, this peak was 
observed only in metabolically active mitochondria (Chiu et al., 2010; Huang et al., 2005; 
Pully and Otto, 2009; Tang et al., 2007). Since the assignment of this peak is still under 
debate, it is difficult to determine the reasons for the disappearance of this peak in dried 
mitochondria. However, one possible explanation could be that the species responsible for 
this peak leaks out of the mitochondria during the drying process.  
 
Raman bands assigned to nucleic acids such as the 783 cm-1 denoting the phosphate group of 
the sugar backbone could be identified although the intensity was rather weak (Figure 19). 
This suggests that the contribution of nucleic acids to the Raman spectrum of mitochondria is 
quite small and this could be due to the relative low concentration of nucleic acids in 
comparison with lipids. However, it could also possibly mean that the Raman spectrum of 
mitochondria was contributed mainly by the outer mitochondrial membrane components. 
From these results, it was not possible to determine whether the Raman spectrum of the 
mitochondria was coming from the outer, inner membrane, the intermembrane space or 
indeed from the whole mitochondria. In order to find out from where the mitochondrial 
spectrum comes, a combination of genetic, biochemical and Raman spectroscopy studies 
would need to be conducted. For example, there would be need to clone a protein with a 
known Raman spectrum containing sequences targeting the protein to either the inner, outer 
or the intermembrane space. Additionally, biochemical sub fractionation of mitochondria 
would need to be performed to follow the localization of the protein. Then laser confocal 
micro Raman spectroscopy using different excitation lasers would need to be performed in the 
clones to identify the Raman signature of cloned protein in mitochondrial fractions.  
4.1.2  Effect of Au NSs on SERS spectra of mitochondria 
The main question posed in this particular study was “Can Au NPs enhance the Raman signal 
of mitochondria such that some understated Raman modes could be observed?” The results 
presented here showed that indeed Au NPs appeared to enhance some Raman scattering 
vibrational modes both in mitochondria (Figure 23), VDAC protein (Figure 25) and in the 
amino acid l-tryptophan (Figure 26). Previously, some principles of SERS and the related 
plasmonic effects were reviewed and one of the main effects of Au NPs on SERS is related to 
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the attachment of NPs onto the adsorbates (Le Ru and Etchegoin, 2009a). Indeed, one of the 
major contribution factors in SERS with NPs is the presence of hot spots. Numerous studies 
have reported that molecules that are in close proximity to the hot spots experience significant 
enhancements of high magnitudes (Campion and Kambhampati, 1998; Etchegoin et al., 2002; 
Le Ru and Etchegoin, 2009b; Le Ru et al., 2008; Michaels et al., 2000).  It is apparent that an 
optimal concentration of Au NPs needed to be incubated with mitochondria in order to 
generate the hot spots. Several studies also showed that aggregation of Au NPs is required in 
order to have enhancement in SERS. In this study, enhancement of peaks was only observed 
at a specific Au NP concentration (Figure 23) suggesting SERS dependence on Au NP 
concentration. 
 
Additionally, it was also quite apparent that there were some differences in the spectral 
features regarding which peaks were enhanced (Figures 23, 25 and 26). As observed in the 
spectra, peaks that were enhanced in mitochondrial spectra were different from those 
enhanced in VDAC and different from those enhanced in l-tryptophan. Indeed, it is known 
that enhancement at a particular hot spot depends on the geometrical details of the hot spot 
such as the electric near field of the NP which has a decay length of only few nanometers. If 
there are any changes in the geometric details of the adsorbate, these can result in different 
spectral features being observed (Etchegoin et al., 2002). The NPs used in this study were 
randomly adsorbed onto mitochondria, VDAC or amino acids therefore, it is likely that the 
generated hot spots in the adsorbates were structurally different resulting into the 
enhancement of different peaks.  
 
Whilst some SERS peaks were observed to be different in the different SERS spectra, the 
SERS peak at 1076 cm-1 showed some consistency in almost all SERS spectra (Figure 23, 25 
and 26). This could indicate the presence of some structural motif which may have a specific 
interaction with adsorbates (Etchegoin et al., 2002). Some studies that have also observed the 
presence of this SERS peak assigned the peak to ‘some aromatic vibrations’ (Kneipp et al., 
2007). From these studies, this peak could not yet be assigned. 
 
Regarding the attachment of Au NPs to mitochondria, darkfield images indicated that Au NPs 
were either unspecifically adsorbed or attached to mitochondria specifically through the 
VDAC protein (Figure 22). Au NPs are known to form stable interactions with proteins 
mainly through primary amino groups of lysines and tyrosines and through thiol groups 
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present on cysteines (Geoghegan and Ackerman, 1977; Keating et al., 1998; Sasaki et al., 
1997). It is also well known that mitochondria have a lot of proteins whose orientation in the 
OMM (Lomize et al., 2006) would allow Au NPs to bind onto them. Since the net charge of 
the OMM at physiological pH is negative, electrostatic interactions between the Au NPs and 
mitochondria can be excluded. The most likely association of Au NPs and mitochondria 
would be through random attachment to proteins. Indeed, as shown in darkfield microscopy 
imaging, Au NPs appear to be associated with mitochondria (Figure 21).  
 
Raman spectra of mitochondria with unfunctionalized Au NPs show enhancement of several 
Raman peaks (Figure 24 a) suggesting the attachment of Au NPs to several groups. The 
spectra of mitochondria incubated with antibody functionalized Au NPs showed the presence 
of one enhanced peak at 1581 cm-1 (Figure 24 b). The SERS peak at 1581 cm-1 is probably the 
same peak, which appears at 1584 cm-1 in normal Raman spectra of VDAC (Figure 20 b). 
This strongly suggests that the Au NPs were targeted to mitochondria through binding of the 
antibody to the VDAC protein on the outer mitochondrial membrane. Moreover, most of the 
lipid peaks (719, 1440 and 1658 cm-1) did not seem to be enhanced, strongly suggesting that 
the Au NPs specifically interact with protein molecules (Figure 24). 
 
From the presented spectra, it appears that l-tryptophan was one of the amino acids, which 
may have contributed significantly in the SERS spectrum of mitochondria. However, it is a 
well known fact that l-tryptophan is one of the rare amino acids and occurs only four times in 
the amino acid sequence of VDAC composed of 291 amino acids (Bayrhuber et al., 2008). 
The reason why l-tryptophan would contribute significantly to the SERS spectra of 
mitochondria is not clear but it may be speculated that due to the adsorption of the Au NPs 
onto mitochondria, the aromatic vibrations of l-tryptophan may be in resonance with the 
plasmonic field leading to significant enhancements in the l-tryptophan aromatic modes. It 
was generally observed that upon the adsorption of Au NPs, Raman modes in the 1500-1600 
cm-1 were significantly enhanced (Figures 23, 24 and 25) suggesting that the plasmonic field 
effects may be in resonance with the vibrations in this region. Further research with different 
sized Au NSs with varying optical properties might bring light into this phenomenon.  
4.1.3   Effect of Au nanorods on SERS spectra of mitochondria 
Similar to Au NSs, incubation of mitochondria with unfunctionalized Au NRs showed 
enhancement of peaks at 1073, 1175, 1557 and a shoulder peak at 1587 cm-1 (Figure 28 a). 
Similar to Au NSs, this enhancement was observed at a specific concentration of the Au NRs 
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(Figure 27). This suggests that also for NRs, aggregation may be required in order to observe 
SERS enhancement. Indeed, some studies reported that enhanced sharp Raman spectra could 
be obtained from cancer cells, which assembled gold NRs on their cell surface. In contrast, 
non cancerous cells did not assemble such a high concentration of gold NRs. This was due to 
the fact that the Au NRs were specifically targeted to the EGF receptor, which is over 
expressed in cancer cells. Hence, this gives a sharp enhanced Raman signal (Huang et al., 
2007b).  
 
Raman spectra of mitochondria incubated with unfunctionalized Au NRs showed the 
enhancement of the SERS peak at 1175 cm-1. According to Willets (2009), this SERS peak 
could be assigned to thymine, cytosine and guanine bases in DNA and to phenylalanine in 
proteins. In Raman spectra of mitochondria incubated with antibody, functionalized Au NRs 
enhanced Raman peaks at 1072, 1185, 1353, 1509 and 1548 (1555) cm-1 were observed. 
These SERS peaks could be assigned to nucleotide bases (1185 and 1509 cm-1) and amide II 
vibrations (1548 cm-1) (Willets, 2009). In mitochondria, nucleic acids are normally localized 
in the matrix of mitochondria (Alberts et al., 2008). The emergence of nucleotide specific 
SERS peaks in mitochondria incubated with Au NRs could suggest that the plasmonic depth 
is deeper in mitochondria incubated with Au NRs than with Au NSs. It is a known fact that 
the electromagnetic field around Au NRs is much greater than in Au NSs (Hao and Schatz, 
2004; Kelly et al., 2003; Link and El-Sayed, 2000). Hence, it is also logical to expect that the 
plasmonic effect of Au NRs would occupy a larger electric field than Au NSs.  
 
Additionally, Raman spectra of mitochondria incubated with antibody functionalized Au NRs 
showed some inconsistencies in the SERS peak in the 1400-1500 cm-1. According to Willets 
(2009) the SERS peaks observed at 1419 cm-1 could denote asymmetric deformation modes 
CH3 and asymmetric stretching modes of COO- in proteins and those at 1448 could denote 
deformation of CH2 and CH3 groups in both proteins and lipids. It is also probable that the 
antibody binding and the plasmonic field effects of the NRs influenced these vibrational 
modes probably through chemical enhancement mechanisms. Broadening of SERS spectra 
has been shown previously to be due to a chemical enhancement effect of SERS (Le Ru and 
Etchegoin, 2009a). 
 
Finally, in this section I have shown that Au NPs can improve spectra of biological adsorbates 
such that some understated Raman signals could be enhanced. There were clear differences 
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observed in SERS spectral features of mitochondria, VDAC protein as well as l-tryptophan 
amino acid. These differences could be attributed to the geometrical differences of hot spots 
caused by Au NP adsorption. Antibody functionalized Au NPs appeared to enhance directly 
some peaks that were present in VDAC and mitochondria. Hence, it is possible that through 
SERS, specific attachment of Au NPs to mitochondria could be detected.  
 
For Au NRs, SERS peaks assigned to nucleotide bases were prominent suggesting that for Au 
NRs, the plasmonic electric field is larger than for Au NSs. Broadening of bands in spectra of 
mitochondria with antibody functionalized Au NRs appeared to suggest that chemical 
enhancement mechanism of SERS might also contribute to the SERS spectra. However, from 
results presented here this could not be concluded. 
 
4.2  Nanodiamonds as cell imaging agents  
In search of a biocompatible and photostable cell imaging agent, I investigated the potential 
use of NDs for cell imaging in HeLa cells. The strength of NDs as cell imaging agents lies in 
their reported biocompatibility, photostability as well as the ease of functionalization with 
proteins (Krueger, 2008; Schrand et al., 2007a; Schrand et al., 2007b). The resulting 
immunoconjugates therefore attained targeting properties of the antibodies as well as the 
fluorescence properties of detonational NDs. Fluorescence of detonational diamonds has been 
reported previously (Zhao et al., 2004).  
 
Secondly, in order to deliver these immunoconjugates inside cells, an effective transfection 
reagent is required. Such a transfection reagent should be able to interact with the cargo, 
translocate through the plasma membrane and release the cargo inside the cells to enable 
efficient targeting.  
 
In this study, I also showed that transfection of the nanodiamond immunoconjugates yielded 
different staining patterns depending on the transfection reagent used (Figures 29, 31 and 32) 
Incubation of NDs with HeLa cells in the absence of a transfection reagent showed that most 
of the NDs were attached on the cell surface (See Figure S8 in appendix). Thus, it was evident 
that NDs required a transfection reagent in order to translocate the plasma membrane. The 
fact that in the presence of the cationic liposomes NDs could be observed inside cells (Figure 
29) confirms that PULSin™ is able to form complexes with NDs and mediate their 
translocation across the plasma membrane.  
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Next, I investigated the capability of PULSin™ to release the nanodiamond 
immunoconjugates inside the cells to allow intracellular targeting. In order to address this 
question, cells that were transfected with nanodiamond conjugates were co-stained with 
endosome specific stains in order to find out if the nanodiamond conjugates were efficiently 
released from the endosomes. Co localization studies showed that these aggregates co 
localized with endosomes (Figure 30) thereby suggesting that the immunoconjugates could 
still be associated with endosomes.  
 
A dissection of the intracellular trafficking process of cationic liposomes showed that it is 
necessary for the cationic liposomes to interact with anionic liposomes of the endosome so 
that the cargo in the endosomes may be released (See Introduction section 1.3.5.1) (Xu and 
Szoka, 1996). This happens when the lipoplexes are not stable enough to allow flexible 
interaction of the cationic lipids with anionic lipids of the endosome (Caracciolo et al., 
2007a).  
 
 In addition, functionalization of the UDDs with antibodies targeting intracellular organelles 
showed a similar staining pattern as that with unfunctionalized NDs (Figure 29 b, e and h). 
This means that immunoconjugates just like NDs were most likely trapped in endosomes and 
could not be effectively targeted to the intended intracellular structures. 
 
Studies aimed at elucidating the release of cargo from endosomes have concentrated mainly 
on DNA as cargo (Caracciolo et al., 2009; Caracciolo et al., 2007a; Caracciolo et al., 2007b; 
Xu and Szoka, 1996). Therefore, the interaction mechanisms of DNA and cationic lipids are 
well studied. However, for NPs, such studies are not available. Hence, the interaction of NPs 
with cationic lipids during the transfection process is not clear and it remains a supposition 
that the NDs and the cationic liposomes probably formed very stable complexes that might 
have hindered the interaction of the cationic lipids of PULSin™ with the anionic lipids of the 
endosomes (Caracciolo, Marchini et al. 2007). Most likely, this prevented the release of the 
immunoconjugates from the endosomes.  
 
Previous studies documented the ability of PULSin™ to mediate transfection of antibodies 
inside cells. In these studies, no intracellular aggregates of the antibodies were reported 
(Cortes et al., 2007; Ying et al., 2007). Other studies in which NDs were taken up 
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endocytically by serum proteins showed that they agglomerate inside cells (Schrand et al., 
2007b). It is therefore logical to attribute the NDs failure of endosomal escape to the 
interaction of the UDDs and PULSin™.  
 
In protamine-mediated transfections, different fluorescence patterns were obtained for both 
functionalized and unfunctionalized UDDs (Figure 31) confirming that protamine was able to 
interact with the NDs and translocate them inside cells. In the case of unfunctionalized UDDs, 
intracellular aggregates were seen mainly around the cell nucleus (Figure 31b). In addition to 
cell translocation mediation, protamine is known to act as a nuclear targeting peptide by 
carrying cargo to the nucleus. In this case, it is possible that the UDDs were targeted to the 
nucleus but probably due to the large size of the UDD aggregates, their entry into the nucleus 
was prevented and therefore led to the accumulation around the nucleus.  
 
The different fluorescence staining patterns with actin antibody and mitochondrial antibody 
functionalized UDDs; suggest that UDDs are probably not retained in endosomes (Figure 31e 
and h). However, from these results, it was not possible to deduce exactly which intracellular 
trafficking pathway the immunoconjugates followed. Although, the uptake mechanisms in 
protamine specifically are not yet clear, in general cell penetrating peptides translocate into 
cells through clathrin and non clathrin mediated endocytosis (See Introduction Section 1.6.2). 
Since there is no evidence of endosomal retention of UDDs in protamine-mediated 
transfection, it still remains unknown whether the UDDs escape from the endosomes or if 
they are recycled or passes through the ER and the Golgi complex for sorting and targeting to 
intracellular organelles. Although protamine has been used in many studies as a transfection 
reagent, its uptake mechanisms and intracellular trafficking pathways have not yet been 
documented (Lanuti et al., 1999; Noguchi et al., 2002; Reynolds et al., 2005).  
 
Similar to PULSin™ and protamine, the maltotriose modified dendrimers used in this study 
tended to form complexes with the UDDs. Due to their opposite charges, electrostatic 
interactions are likely to be responsible for this complex formation. However, weak hydrogen 
bond formation between the maltose residues and some functional groups of the 
nanodiamonds cannot be ruled out (Klajnert et al., 2008). In contrast to PULSin™-mediated 
transfection, cells transfected with unconjugated NDs showed no prominent fluorescent 
aggregates but rather a diffuse fluorescence staining mainly in the cytosol (Figure 32 b). The 
absence of fluorescent aggregates probably meant that the UDDs were disperse in the 
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cytoplasm and not enclosed within vesicles. Dendrimer-mediated transfection of actin  
antibody-UDD complexes exhibited a diffuse but rather structured fluorescent staining in the 
cell cytoplasm, which suggested the association of UDDs with the cytoskeleton structure 
(Figure 32 e). The actin antibody targets the alpha subunit of actin, which is localized in the 
cytoplasm. 
 
Similarly, dendrimer-mediated transfection of mitochondria antibody-UDD complexes 
showed fluorescence staining reminiscent of the mitochondrial network (Figure 32 h). A 
similar staining pattern was obtained when HeLa cells were incubated with the same 
mitochondria specific antibody but stained with a secondary fluorescein coupled antibody 
(Romanelli et al., 2004). These results suggest a successful targeting inside cells, which 
means that in dendrimer-mediated transfections, the UDD immunoconjugates were not 
enclosed in vesicles rather they were delivered to the respective intracellular targets. Previous 
studies documented that glycosylated dendrimers followed both clathrin dependent and 
caveolin dependent endocytic pathways and were shown to use the “proton sponge effect” to 
escape from endosomes (Grosse et al., 2004; Sonawane et al., 2003). However, it was not 
possible from these results to deduce the uptake mechanism and the intracellular trafficking 
pathway followed by the UDD immunoconjugates dendrimer complexes. Moreover, no 
studies have reported on the interaction mechanisms of dendrimers with UDDs although 
dendrimers have been documented to stabilize Au NPs as well as proteins (Giehm et al., 2008; 
Klajnert et al., 2008). In order to document the uptake mechanisms and intracellular 
trafficking pathways of dendrimers and NDs, systematic transmission electron microscopy 
analyses of time course transfection experiments in combination with immunofluorescence 
staining of clathrin, caveolin or macropinosomes would be necessary.  
 
Ultra dispersed detonational diamonds (UDDs) are cheaper to produce than fluorescent NDs 
and are biocompatible (Schrand et al., 2007b); however, a few challenges have to be 
considered for use in bioimaging. Their tendency to agglomeration is one of the areas which 
is currently receiving a lot of research attention (Krueger, 2008; Li and Huang, 2008) . 
Several groups have recently reported on new methods of deagglomeration of UDDs in 
organic solvents (Krueger, 2008), however, still more has to be done such that UDDs are 
compatible with biological media. In addition, the interaction of UDDs with oligosaccharide 
modified dendrimers is still obscure and more studies need to be performed in order to find 
out how dendrimers may possibly reduce the agglomeration tendency of UDDs. Finally, there 
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is still room for improvement of fluorescence in detonational diamonds. In addition, NDs 
fluorescence needs to be developed to withstand fixatives used in biology (See Figure S9 in 
the appendix). Some work was recently reported by Borjanovic and coworkers on the 
improvement of fluorescence in detonational diamonds by proton irradiation (Borjanovic et 
al., 2008). However, improvement of the mentioned challenges in the physical and optical 
properties of NDs would significantly improve their applications in cell biology. 
 
4.3  Targeting of gold NPs to mitochondria for 
photothermolysis in living cells 
In order to use Au NPs for photothermolysis of mitochondria, several requirements needed to 
be fulfilled. Firstly, Au NPs had to be successfully targeted to mitochondria in living cells, 
and secondly using low level laser irradiation, mitochondria needed to be selectively 
destroyed thereby inducing apoptosis. The release of cytochrome c from mitochondria into the 
cytosol would provide proof that the cell has progressed irreversibly into apoptosis (Borutaite, 
2010). Based on the presented results, it seems that the interaction of Au NP conjugates with 
the transfection reagent is crucial for their successful delivery to targeted organelles. Here, I 
discuss the results of the three different transfection reagents used in this study with respect to 
targeting of Au NPs to mitochondria. Finally, I discuss the first results of using Au NPs for 
photothermolysis of mitochondria. 
4.3.1  Uptake of Au NPs using PULSin™ 
In order to document the uptake of Au NPs into cells, SEM was performed by using different 
electron beam voltages. This technique to estimate the focal depth in cells was demonstrated 
earlier by Harris and coworkers (Harris et al., 1999). When low electron beam energies were 
used in SEM to image cells, electrons were backscattered from the surface of the sample in a 
way that cell surface features as focal adhesion points, where the cells attached to the 
substrate, were clearly visible (Figure 34 a). Imaging cells with high electron beam energies 
showed a silhouette-like image of the cell in which cell surface features appear blurred, 
indicating that electrons were scattered from inside the cell (Figure 34). Although this 
technique was useful to document whether Au NPs were inside cells or on the cell surface, it 
was not sufficient to follow the uptake mechanisms and intracellular trafficking of Au NPs. 
Similarly, it was not useful to document whether the NRs associate with certain intracellular 
organelles. Thus, in order to document transfection and intracellular trafficking of Au NPs, 
STEM analyses were used.  
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The morphology of vesicles determined the probable uptake mechanisms and intracellular 
trafficking pathways of PULSin™-mediated uptake of Au NP conjugates (Figures 36-38). 
From these results, macropinocytosis and caveolar mediated pathways shall be deemed the 
most likely ways by which PULSin™ –Au NP conjugates entered cells (Figure 36). Cationic 
liposomes have been documented to use clathrin-dependent or caveolar-dependent uptake 
mechanisms as well as macropinocytosis to carry cargo inside cells (Hoekstra et al., 2007; 
Rejman et al., 2004; Zuhorn and Hoekstra, 2002). It has been reported that the size of 
lipoplexes seems to be an important determining factor of the uptake pathway to be followed 
(Hoekstra et al., 2007). It is known that clathrin-coated vesicles are able to transport cargo 
with a size less than 200 nm (Zuhorn et al., 2002). In this study, clathrin-coated vesicles were 
not observed. This is probably because the size of PULSin™ –Au NP complexes mostly 
exceeds 200 nm (Figure 35 – 38). Therefore, uptake via clathrin-coated vesicles was probably 
limited by the rigidity of the clathrin coat (Rejman et al., 2004). Hence, the more likely uptake 
would be through the caveolar-dependent pathway or macropinocytosis.  
 
Complex formation of PULSin™ and Au NS conjugates were performed at a higher pH than 
the pI of the protein so that the Au NP conjugates had a net negative charge. This would allow 
cationic PULSin™ liposomes interact electrostatically with the Au NP conjugates. STEM 
images show that Au NP conjugates did indeed bind the cationic PULSin™ liposome 
structures (Figure 36). In addition, the liposomes appeared to interact strongly with one 
another through hydrophobic interactions (Figure 36). This is evident in Figure 36 a, where 
the PULSin™ lipids interact with one another forming a “micelle”-like lipid core, thereby 
excluding hydrophilic components. The Au NPs are observed to be attached to PULSin™, 
however they are excluded from the lipid core and are seen to be in contact with vesicular 
fluids (Figure 36 a – blue arrow). Further, PULSin™ appears to start undergoing degradation 
within the endosome as evidenced by the aggregation of the Au NPs (Figure 37 b). This 
observation suggests that aggregation of Au NSs in the cell could be attributed to several 
factors. The sequence of events could be that the hydrophobic parts of the cationic lipids of 
PULSin™ strongly interact with one another through hydrophobic interactions. As such, they 
form “micelle”-type structures in which the Au NPs are excluded and therefore exposed to 
vesicular fluids. During the progression to late endosomes, the proteins stabilising the Au NP 
complex and PULSin™ probably undergo degradation thereby causing the Au NPs to 
aggregate (Figure 37 b). Now, it is not clear whether the degradation is chemical or 
enzymatic. It is worth noting that - despite the aggregation - the vesicle appears to rupture, 
 
 102
especially on the side where PULSin™ makes contact with the vesicular membranes (Figure 
37). A possible hypothesis proposed by Xu and Szoka (1996) could explain this observation: 
the cationic lipids of PULSin™ probably interact and mix with the anionic lipids of the 
vesicle, leading to a destabilisation of the vesicular membrane (Xu and Szoka, 1996). This 
may also explain why the vesicular membrane remains intact on the side where the Au NPs 
seem not to be complexed with PULSin™ (Figure 37 b).  
 
Aggregation of Au NPs in cells has previously been reported (Rejman et al., 2004) . Recent 
studies in which Au NSs (30-50 nm) were stabilised by serum proteins and then transfected 
into cells also showed aggregation of the NSs in endosomes (Kneipp et al., 2006b). While this 
aggregation may be advantageous for surface enhanced Raman spectroscopy, it is regarded as 
disadvantageous for purposes of targeting Au NPs to cellular organelles. 
 
Finally, Au NPs targeting to mitochondria appeared to have been hindered mostly due to 
aggregation when used in PULSin™-mediated transfections (Figure 38 c). This is evident 
because 24 hours after transfection the bulk of Au NPs is present as aggregates, with only 
very few targeted onto mitochondria (Figure 38 c). Previously, sandwich type or tubular 
multilamellar cationic liposomes have been observed to protect antisense oligonucleotides 
from enzymatic degradation in endosomes by embedding the oligonucleotides between lipid 
layers in the liposomes (Jääskeläinen et al., 2004). However, this is clearly not the case for Au 
NPs. It appears that the interaction of PULSin™ with Au NP complexes contributes 
significantly to their aggregation in the cells thereby hindering any targeting to subcellular 
organelles. 
4.3.2   Selective targeting of antibody conjugated Au NPs using 
protamine 
Selective targeting of Au NPs to mitochondria was studied in cells imaged 24 hours 
subsequent to protamine-mediated transfection. After this period, Au NS conjugates were 
observed to be enclosed in vesicles (Figure 39). The morphology of the vesicles was 
suggestive of a clathrin-independent endocytic pathway (Doherty and McMahon, 2009). In 
the vesicles, Au NPs (10 nm) appeared to be disperse (Figure 39). In contrast with PULSin™, 
protamine could not be observed in the TEM images. However, from the highly cationic 
protamine amino acid sequence, it can be expected that protamine and the Au NPs interacted 
through electrostatic interactions. The Au NPs were stabilized by citrate and subsequently 
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with antibodies, thereby giving a net negative charge at physiological pH. The amino acid 
sequence of protamine rule out strong hydrophobic interactions as observed in PULSin™-Au 
NP complexes (see Table 1). Hence, it was expected that the Au NP complexes were actually 
enveloped by the cationic peptides thereby maintaining their dispersivity (Figure 39 d). It is 
plausible that protamine protects the NPs from aggregation through repulsive forces from 
protamine peptides.  
 
Nevertheless, in contrast to PULSin™, vesicles could be detected in protamine-mediated 
transfections 24 hours after transfection (Figure 39). The vesicles were observed to be in close 
proximity to the nucleus suggesting that they could be targeted to the nucleus. Protamine is 
known to possess nuclear localizing sequences allowing it to transport cargo into the nucleus 
as long as the cargo is small enough to pass through the nuclear pores. Nuclear pores have 
been documented to allow NPs of up to 90 nm to pass (Nitin et al., 2009). Therefore it was 
possible for single Au NPs (10 nm) or smaller aggregates to enter the nucleus. Figure 39 
shows an image of Au NPs embedded in the nuclear membrane suggesting the possibility of 
nuclear targeting.  
 
The status of the Au NP complexes in protamine-mediated transfections is not clear. For 
example, it is not known whether the targeting antibody is still intact or degraded, or if 
protamine completely displaced the antibody from the NPs. In order to elucidate the pathway 
of protamine-mediated Au NPs, further research would be required involving staining of 
endosomes as well as immunocytochemistry to determine if antibodies are still coupled to Au 
NPs within the endosomes or not. 
 4.3.3  Dendrimer-mediated intracellular targeting of Au NPs to 
mitochondria 
Selective targeting of Au NPs to mitochondria was observed in dendrimer-mediated 
transfections (Figure 40). Au NPs aggregates were not observed in the cells; rather they 
appeared to associate with mitochondria regardless of the targeting moiety (Figure 41). The 
reason why no aggregates are formed is not yet clear, but several factors could explain this 
observation. In contrast with PULSin™, the molecular structure of dendrimers would not 
promote hydrophobic interactions between the dendrimer molecules (see Figure 17). Rather, 
the interaction of the dendrimer and the protein-Au NP conjugate could stabilize the Au NP-
protein complexes. This could be mediated by a combination of electrostatic interactions and 
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hydrogen bond formation between the OH groups of maltose or maltotriose and amino acid 
residues in the proteins (Klajnert et al., 2008). In such a scenario, the protein would not be 
degraded thereby preventing agglomeration of the Au NPs. In fact, cationic dendrimers have 
previously been observed to disaggregate prion proteins without irreversibly denaturating the 
protein in acidic environments such as endosomes or lysosomes. The exact mechanism of 
how this was possible is not yet clear, but it was proposed that the dendrimers probably bind 
to exposed anionic residues on proteins thereby inducing a conformation change which 
renders the prion aggregates prone to hydrolases present in the endosomes (Supattapone et al., 
1999). It is possible that the dendrimers probably cover the whole Au-NP protein complex 
and thereby protect it from enzymatic degradation in the endosomes. 
 
Secondly, in contrast to the protamine-mediated pathway, the intracellular trafficking pathway 
of dendrimers could also influence that the complexes are not retained in endosomes. 
Dendrimers are known to use the “proton-sponge” mechanism to escape from endosomes 
efficiently (Behr, 1997; Mintzer and Simanek, 2009; Sonawane et al., 2003). According to 
reports by Behr (1997), the amino groups contained in the inner core of the dendrimer induce 
pumping of protons into the endosomes by the endosomal ATPases. This results into an influx 
of chloride ions, which subsequently alters the osmolarity of the endosome due to the high 
ionic concentration. The endosomes burst due to a high volume increase thereby releasing 
endosomal contents into cells (Behr, 1997; Sonawane et al., 2003). This would explain the 
burst endosome-containing Au NPs observed in dendrimer-mediated transfections (Figure 
S14). 
 
Based on TEM studies, it was shown that dendrimers complexed with gold NPs could 
actually deliver DNA to the nucleus 40 minutes after transfection (Thomas and Klibanov, 
2003). However, there are yet no reports on the intracellular trafficking pathway of 
dendrimer-Au NP complexes to mitochondrial localizing proteins. Based on the TEM results 
presented here, the intracellular trafficking pathway of dendrimers for Au-mitoTGFP 
conjugates is therefore proposed to follow a non clathrin mediated pathway. Au-mitoTGFP 
conjugates are subsequently released from endosomes into the cytosol probably through the 
proton sponge mechanism. Finally, the conjugates are targeted to the inner mitochondrial 
membrane through a mechanism yet unknown but could be similar to the import of subunit 
VIII of cytochrome c oxidase. To confirm these findings, a combination of molecular studies 
as well as TEM analyses for time course experiments would be recommended.  
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As presented in TEM studies, regardless of the targeting moiety, the NPs appear to be targeted 
to mitochondria (Figure 41). In the case of mitoTGFP-Au NP conjugates the Au NPs seemed 
to be exclusively associated with the inner mitochondrial membrane (Figure 41 a) (also Figure 
S14 in the appendix). The mechanism of Au NP entry into the mitochondria is not yet clear, 
but it can be supposed that they follow the uptake mechanism of nuclear encoded COX VIII 
due to the presence of the respective mitochondrial localizing sequence on mitoTGFP. 
Normally, COX VIII uses two protein complexes to translocate from the cytosol into 
mitochondria: the translocase of the outer membrane (TOM) and the translocase of the inner 
membrane (TIM) complex (Bolender et al., 2008). If Au NP-mitoTGFP complexes use the 
same pathway remains a topic of further investigations. In cells transfected with Au NP-Ab, 
Au NPs were observed to be on the outer mitochondrial membrane as well as the 
intermembrane space in cells transfected with VDAC antibody-Au NP conjugates (Figure 41 
b). The presence of Au NPs on the OMM is expected as the VDAC protein is an abundant 
protein of the OMM (Bayrhuber et al., 2008). However, the presence of Au NPs in the 
intermembrane space in VDAC-Au NP transfected cells could mean that the NPs somehow 
pass through the mitochondrial membrane. To date, there are no reports of complexes of 20 
nm Au NPs passing through the mitochondrial membrane.  
4.3.4  Laser mediated mitochondrial permeabilization of cells  
In order to explore the near field enhancement effect of Au NPs in photothermolysis of 
mitochondria, untransfected and cells transfected with Au NP conjugates (Au NP-mitoTGFP) 
targeting mitochondria were exposed to low level laser irradiation for 347 or 688 s 
corresponding to a dose of 0.6 J/cm2 or 1.2 J/cm2 respectively.  
 
Both transfected and untransfected cells, which were not exposed to irradiation acted as 
controls. Transfection of Au NR conjugates induced permeabilization of the outer 
mitochondrial membrane. This was evidenced by the high diffuse fluorescence staining in 
cells with Au NRs compared to those without (Figure 42). Since cells were transfected with 
mitoTGFP Au NRs, therefore it is possible that Au NRs were present in the inner 
mitochondrial membrane (Figure 42 d). The mechanical disruption of the OMM may have 
resulted into the release of cytochrome c into the cytosol thereby triggering apoptosis. Due to 
the low resolution of the laser scanning confocal microscope, it was not possible to co-
localize simultaneously Au NPs with mitochondria in transfected cells during irradiation 
experiments. Prior to irradiation studies, the cytotoxicity of the dendrimers, mitoTGFP, 
unfunctionalized as well as functionalized Au NPs was determined. According to the WST-1 
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assay, dendrimers or unfunctionalized Au NPs indicated insignificant cytotoxicity. Cells 
transfected with Au NP conjugates showed a lower metabolic activity suggesting a significant 
level of cytotoxicity (See Figure S12 in appendix). TEM images of several cells showed 
mechanical disruption of the outer mitochondrial membrane, possibly caused by the entry of 
Au NPs into mitochondria (See Figure S15 in Appendix). 
 
Fluorescence images of cells irradiated for 347 s (dose 0.6 J/cm2) showed significant 
differences between cells with mitoTGFP-Au NRs complexes and untransfected cells. Both 
untransfected and transfected cells showed the presence of free cytosolic cytochrome c 
denoting the permeabilization of mitochondria due to irradiation (Figure 43 b and d). 
However, transfected cells showed signs of cell retraction and loss of cell to cell contacts 
which are morphological signs of apoptosis (Elmore, 2007). Brightfield images showed no 
signs of apoptosis in untransfected cells while transfected cells showed cell retraction and loss 
of cell to cell contacts (Figure 43 a and c). Studies performed by Huang and coworkers (2006) 
showed that plasma membrane of cells without Au NPs were intact even upon irradiation with 
a dose of 180 J/cm2. However, cells with Au NPs attached on the cell surface, underwent 
apoptosis upon irradiation with energy fluence of just 36 J/cm2 and 48 J/cm2. This was 
because the cancerous cells had a high loading of Au NPs due to the over expression of the 
EGF receptor on their cell surface to which the Au NPs were targeted. Non-cancerous cells 
did not over express the receptor, hence the lower load of Au NPs (Huang et al., 2006).  
 
Based on reports by Huang and coworkers (2006), the obvious question in this study is why 
untransfected and transfected cells underwent apoptosis with an irradiation dose of less than 1 
J/cm2? In this study, the release of cytochrome c from mitochondria (Elmore, 2007) was used 
to document cell death. Cytochrome c release is regarded as an early event in apoptosis 
preceding the onset of morphological changes in the cell (Bossy-Wetzel et al., 1998). 
Therefore, although morphologically the cells appear non apoptotic (Figure 43 a and b), they 
are still considered apoptotic due to the release of cytochrome c from mitochondria. In 
contrast, studies by Huang documented the integrity of the plasma membrane, a late apoptotic 
event to document cell death (Huang et al., 2006).  
 
In this study, transfected cells also showed signs of apoptosis with a low irradiation dose (less 
than 1 J/cm2). In contrast to studies by Huang et al. (2006), in this study Au NPs were 
delivered inside cells targeted to the IMM and not attached on the cell surface. Therefore, 
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cytotoxicity of the Au NPs was observed even without irradiation (Figure 41 b). The IMM is 
the site of electron transfer of mitochondrial respiratory chain complexes (Alberts et al., 2008) 
and the presence of Au NPs in the inner membrane is likely to disrupt the electron transfer 
process as well as the mitochondrial membrane potential due to the plasmon resonance of Au 
NPs. In addition to mechanical disruption of the outer mitochondrial membrane, this could 
contribute to the permeabilization of the OMM. However, the contribution of the plasmon 
resonance effect of Au NPs needs to be clarified by further research. 
 
Irradiation of cells over a period of 688 s revealed remarkable differences between transfected 
and untransfected cells (Figure 44). In untransfected cells, brightfield images showed the 
appearance of stress fibers, which indicated that the laser intensity had an adverse effect on 
the cells (Figure 44 a). In transfected cells, the normally adherent cells were completely 
detached and had a round shape, a typical feature of dead cells (Figure 44 c). The exact 
mechanism of how the combination of laser irradiation and mitochondrially targeted Au NPs 
could have accelerated cell death is most likely related to the effect of plasmons. Numerous 
previous studies have documented the use of laser irradiation in combination with Au NPs to 
kill cells that are in close proximity to Au NPs (Huang et al., 2006; Zharov et al., 2005). Cell 
death is attributed to the near field enhancement effect of Au NPs, which induces a local 
thermal increase, thereby denaturing proteins or cells in the vicinity (about 10 nm) of the Au 
NPs (Huang et al., 2006; Takeda et al., 2006; Zharov et al., 2005). In the results presented 
here, it seems that the laser power only accelerated cell death since the transfection of 
mitoTGFP alone seemed to cause apoptosis.  
 
In conclusion, this section tackled the transfection of Au NP conjugates into human cells. 
Three transfection reagents were compared and the uptake mechanisms as well as their 
possible intracellular trafficking pathways were discussed. In addition, selective targeting of 
Au NPs mediated by the three transfection reagents was discussed. Dendrimers appeared to be 
the best choice for targeting Au NPs to mitochondria. Although the mechanisms of their 
intracellular trafficking could not be conclusively presented, it is apparent that the interaction 
of dendrimers with Au NPs is important for successful intracellular targeting. Hence, there is 
the need for further research to elucidate the pathways. 
 
The second part of this section tackled the laser irradiation of mitochondrially targeted Au 
NPs. It was observed that laser irradiation with 1.2 J/cm2 was enough to kill cells with 
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mitochondrially targeted Au NPs. In fact, the mitochondrially targeted Au NPs appeared to 
cause apoptosis even before irradiation. However, irradiation with 1.2 J/cm2 showed a clear 
difference between cells with and without Au NPs. It was possible to accelerate apoptosis 
with low irradiation laser powers in cells with mitochondrially targeted Au NPs. There is still 
intensive research required to augment these studies further. For example, it is not yet known 
whether Au NPs targeted to another organelle would yield similar responses.  
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5.0  CONCLUSION 
This work aimed at examining the interaction of NPs with mitochondria for three different 
applications. For SERS, spherical and nanorod shaped Au NPs were used to obtain an 
enhanced Raman signal of isolated mitochondria. Clear spectral features observed in SERS 
spectra of mitochondria were not seen in normal Raman spectra. When Au NSs were 
unspecifically adsorbed on mitochondria, enhancement of peaks assigned to C-N stretching 
modes at 1075 cm-1 were observed. A remarkable difference between the SERS and the 
normal RS spectra was observed in the 1500-1650 cm-1 region where new SERS peaks could 
be observed. These peaks could most probably be assigned to aromatic amino acid residues 
present in proteins. Normal Raman spectra of hVDAC, one of the most abundant proteins of 
the OMM showed the presence of some understated Raman peaks. Upon incubation with Au 
NPs, these peaks were significantly enhanced. Unspecific adsorption of Au NPs on 
mitochondria appeared to enhance mostly tryptophan residues. Although the reason for this 
particular enhancement is not yet clear, but it could be related to the Au NP adsorption. 
Moreover, it is suggested that the molecular vibrations of the aromatic residues, including 
tryptophan are in resonance with the Raman scattered light. This would explain the significant 
enhancement observed in the 1500-1650 cm-1 region. When Au NSs were specifically 
attached to mitochondria through hVDAC, a new SERS peak at 1581 cm-1 was observed in 
the SERS spectra. This peak, which was also observed in the hVDAC spectra, could be 
assigned to tyrosine, one of the aromatic amino acids present in hVDAC protein. A similar 
investigation with Au NRs had similar results. Unspecific adsorption with Au NRs also 
showed enhancement in the C-N stretching modes at 1075 cm-1. In addition to this peak, an 
enhancement of peaks assigned to thymine, cytosine and guanine bases in nucleic acids was 
observed. This suggested that Au NRs enhancement had a higher penetration depth than Au 
NSs, because nucleic acids are located in the matrix of mitochondria. 
 
Specific attachment of Au NRs to mitochondria through hVDAC similarly showed new SERS 
peaks in the 1500-1650 cm-1 region that could be attributed to aromatic amino acid residues in 
proteins. In addition to the new SERS peaks, enhancement in the nucleic acid peaks was 
observed suggesting that Au NRs enhancement had a larger penetration depth than Au NSs. 
However, reproducibility of spectra for Au NRs was a challenge probably due to the 
anisotropy of the near field present in Au NRs and not in Au NS. Further studies would 
recommend the use of Au NRs with various aspect ratios for SERS of mitochondria. 
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In general, Au NPs can enhance Raman signal of mitochondria. With the excitation 
wavelength of 785 nm, it is possible that some Raman peaks are understated. The adsorption 
of Au NPs on mitochondria enhances the understated Raman peaks. Since Raman peaks in the 
1500 – 1650 cm-1 region were significantly enhanced, it suggests that vibrations in this range 
were in resonance with the frequency of the Au NPs. Further work in this area could explore 
the effect of different excitation wavelengths and polarisation so that SERS effects of 
proteins, amino acids and organelles such as mitochondria could be documented. Further, 
different sizes of Au NSs and nanorods with different aspect ratios could be used in order to 
correlate systematically the influence of LSPR on SERS spectra. 
 
The second aim examined the role of NDs in cell imaging. To this effect, NDs were 
functionalized with Ab targeting mitochondria and actin in cells. ND conjugates were then 
delivered inside cells using three transfection reagents; PULSin™, protamine and 
oligosaccharide modified PPI dendrimers. Transfection using PULSin™ cationic liposomes 
showed the presence of ND aggregates in cells regardless of functionalization. Most of the 
aggregates appeared to colocalize with endosomes. It is possible that ND conjugates 
aggregate in endosomes. No aggregation was observed in previous studies in which 
PULSin™ was used to transfect antibodies. It is quite likely that the interaction of NDs with 
cationic liposomes plays a role in the ND aggregation. Based on fluorescence microscopy 
analyses, ND transfection facilitated by PULSin™ cannot be recommended until the specifics 
of the ND interaction with the liposomes and their uptake mechanisms are established.  
 
Protamine-mediated transfection delivered ND conjugates to targeted organelles. However, in 
case of unfunctionalized NDs, a tendency of the NDs to agglomerate near the nucleus was 
observed. Previous studies showed that protamine could indeed be targeted to the nucleus due 
to a NLS present in its sequence. However, in the case of ND conjugates, the targeting 
function of antibodies may have taken precedence over protamine. The reason for this is not 
clear but it could be related to the uptake mechanism. It is possible that various uptake 
mechanisms occur concurrently in cells and through different trafficking processes, some 
conjugates could be targeted to organelles whilst others to the nucleus. To establish the uptake 
and trafficking mechanisms conclusively, TEM studies and molecular biology studies need to 
complement these observations.  
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Dendrimer-mediated transfection showed the best transfection process of NDs and ND 
conjugates. Fluorescent microscopy imaging showed different staining patterns for various 
ND conjugates. This suggested that dendrimers could not only efficiently interact with the ND 
conjugates but also mediate their uptake and eventual release in the cytosol to enable targeting 
to intracellular organelles. Nevertheless, the mechanisms of uptake and intracellular 
trafficking could not be elucidated in this study. For this, time course studies need to be 
performed in combination with TEM analyses. Results based on fluorescence microscopy 
indicated that dendrimer-mediated transfection was most efficient in delivering ND 
conjugates to the targeted organelles. 
 
The third aim of this work was to deliver Au NPs inside living cells in order to induce 
apoptosis upon low level laser irradiation. Similar to ND transfection, Au NPs were delivered 
inside cells using the three transfection reagents. TEM images showed that Au NPs tended to 
agglomerate in PULSin™-mediated transfection. The aggregation appeared to occur in the 
endosomes. Although endosomes appeared to rupture, most of the Au NPs were present, as 
aggregates hence could not be delivered to the intended organelle. 
 
TEM analyses of several cells in protamine-mediated transfections showed Au NPs in a 
vesicle either near or embedded in the nuclear membrane. Since protamine contains a nuclear 
localizing sequence, this result was expected. Targeting in Au NP conjugates was observed to 
be different from ND conjugate transfection. In ND conjugate transfection, NDs appeared to 
be targeted to intracellular organelles. In contrast, Au NPs appeared to be targeted to the 
nucleus. It is possible that the conjugation method played a role in the intracellular targeting 
process. In ND conjugates, antibodies were covalently attached to NDs while for Au NPs; 
antibodies were simply adsorbed on the NPs. It could be speculated that protamine either 
displaces or completely covers the Au NPs resulting in protamine taking precedence in 
intracellular targeting. In order to confirm this observation, in vitro displacement assays of 
protamine and antibodies with Au NPs need to be conducted. The intracellular trafficking 
could be confirmed using TEM analyses of time course transfection experiments. 
 
In dendrimer-mediated transfections, Au NPs appeared to be associated with mitochondria 
regardless of the targeting moiety. TEM images of several cells showed the localization of 
mitoTGFP-Au NP conjugates in the IMM. Aggregation was observed to a lesser extent 
suggesting that dendrimers have an efficient intracellular trafficking mechanism capable of 
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targeting of Au NP conjugates to intended organelles. NPs were observed to be released into 
the cytosol through the endosomal rupture thereby allowing their targeting to mitochondria. 
Uptake into mitochondria seemed to cause disruption of the mitochondrial membrane thereby 
inducing apoptosis.  
 
Due to their near field enhancement effect, Au NPs can be used not only for SERS but also 
for photothermolysis of cells. Hence, in this study experiments aimed at inducing apoptosis 
with mitochondrially targeted Au NPs in combination with low level laser irradiation were 
conducted. Using cytochrome c assay to document apoptosis, it was clear that irradiation with 
a low dose (1.2 J/cm2) was sufficient to induce apoptosis in untransfected breast cancer cells. 
In cells transfected with mitoTGFP-Au NR and irradiated with 0.6 J/cm2, apoptosis was 
accelerated as observed from the release of cytochrome c and a breakdown of the nuclear 
membrane. Irradiation with 1.2 J/cm2 showed noticeable difference in transfected and 
untransfected cells whereby transfected cells were completely killed. Untransfected cells 
appeared to be under stress as observed by cell shrinkage but still had intact nuclear 
membranes. From these studies, it is clear that Au NPs targeted to mitochondria already can 
induce apoptosis on their own. Laser irradiation with low doses can accelerate the apoptotic 
process and this appears to be dependent on the irradiation dose. More studies need to be 
conducted in order to identify an optimal photothermolysis schedule, which would ensure fast 
apoptosis of transfected cells while minimizing damage on untransfected cells. Potential 
applications could be in photothermal therapy of cancer cells. 
 
In conclusion, this study explored the potential of Au NPs in SERS of mitochondria and 
secondly Au NPs were targeted to mitochondria in living cells. TEM analyses showed some 
uptake mechanisms of Au NPs and eventual targeting to mitochondria. Using low level laser 
irradiation, it was possible to accelerate apoptosis in cells transfected with mitoTGFP-Au 
NRs. Finally, NDs were explored as cell imaging biomarkers. FM results indicated the 
potential of NDs as biomarkers. Further research is still required to augment findings of this 
study. 
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7.0  APPENDIX 
 
 
Figure S1: (a) Fluorescence microscopical image of JIMT-1 breast cancer cells stably transfected with 
mitochondria localising Turbo Red Fluorescent Protein (mitoTRFP) which targets the fluorescent protein to 
mitochondria. In living cells where mitochondria have been stained, mitochondria can be observed as “spaghetti 
like” staining patterns. This is because mitochondria form networks in living cells. The mitochondrial networks 
are also known to be associated with the cell cytoskeleton. In (b) mitochondria were isolated from breast cancer 
cells that were expressing the mitoTRFP. Lane M1 shows a mitochondria rich fraction centrifuged at 3500g, lane 
M2 shows a second mitochondrial fraction centrifuged at 11000g whilst lane C shows the cytoplasmic fraction. 
In the Western blot, a high molecular weight protein representing the full length protein form of mitoTRFP 
(25KDa – red arrow) is seen to be present in all the fractions. Ideally, upon import of the protein into 
mitochondria, the mitochondrial targeting sequence is cleaved off by proteases such that the fluorescent protein 
(22KDa – black arrow) translocates into the inner mitochondrial membrane. The 22 kDa red fluorescent protein 
is observed to be enriched in the M1 fraction, which confirms that this fraction is the mitochondria rich fraction. 
The isolated mitochondria appear as small (about 1µm) spots in fluorescence microscopy images. Due to the cell 
disruption, the mitochondrial network is disrupted resulting in single mitochondria. The scale bars in (a) 
correspond to 25 µm and 30 µm in (c).  
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Calculation of SERS enhancement factors for mitochondria 
Normal formulae for calculation of relative enhancement factors are based on well defined 
molecules for which the number of molecules adsorbed onto a surface can be calculated 
(Camargo et al., 2009). For multi-component biological materials such as mitochondria, such 
formulae do not apply because of the numerous components, which have dynamic spatial 
arrangements such that it is a challenge to pinpoint which groups are adsorbed onto a SERS 
substrate. However, in this study to calculate the “relative enhancement factors”, both SERS 
spectra and normal Raman spectra of mitochondria were normalised. Then I obtained 
intensity ratios of the SERS band in relation to two reference peaks (1440 and 1658 cm-1). 
The same mitochondrial concentration was used in the Raman spectroscopy experiments.  
 
Table A1: Calculation of “relative enhancement factors” using intensity ratios of selected 
Raman peaks for mitochondria incubated with Au NSs with 1266, 1440 and 1658 cm-1 as 
reference peaks. 
SERS peak 
Ref peak 
1076 
1266 
1552* 
1266 
1076 
1440 
1552* 
1440 
1076 
1658 
1552* 
1658 
Mito+Au NS 1,0 2,3 1.1 2,3 1,1 2,3 
Mito+Au NR 1,2 1,7 1.4 2,0 1,3 1,8 
* New peak observed only in SERS spectra and not in normal Raman scattering. 
 
Table A2: Calculation of “relative enhancement factors” using intensity ratios of selected 
Raman peaks for mitochondria incubated with antibody functionalized Au NSs. 
SERS peak  
Reference peak 
1581 
1004 
1581 
1440 
1581 
1658 
Mito+Au NS 5.2 6.6 6.2 
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Figure S2: Raman spectrum of mitochondria incubated with Au NSs at a concentration of 0.47 nM (red line). 
Fluorescence intensity was very high such that Raman peaks were obscured. The black line represents Raman 
spectrum of mitochondria without Au NSs. 
 
Table A3: Assignment of SERS peaks of VDAC protein 
SERS Peak Assignment Reference 
716 Not assigned  
768 Not assigned  
878 Trp Figure 21 
1075 Not assigned  
1145 Not assigned  
1265 Deformation Amide III (CH2, CH3) (Willets, 2009) 
1483 Not assigned   
1546 Amide II (Willets, 2009) 
1573 Histidine Figure S3 in appendix 
1596 Not assigned  
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Figure S3: Raman spectra of  l-histidine and l-proline taken at excitation wavelength of 785 nm. In the 1500 – 
1650  cm-1, Raman peaks at 1571 cm-1 can be observed in l histidin whilst in proline two peaks at 1550 cm-1 
and 1626 cm-1 are seen in the Raman spectra. 
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Figure S4: Raman spectra of VDAC antibodies incubated with Au NSs (red) and VDAC antibodies without Au 
NPs. VDAC is also known as porin. 
 
 
 
Figure S5: Raman spectra of Au nanospheres (a) and Au nanorods (b). Spectra of Au nanoparticles consisted of 
broad peaks in the 1500- 1650 cm-1 region.  
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Figure S6: (a) SEM images of mitochondria incubated with Au NRs. Au NRs were observed to randomly adsorb 
onto mitochondria with no particular orientation. In (b) mitochondria were not incubated with Au NPs. 
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Figure S7: UV vis analysis of Au NP VDAC antibody conjugates. A 4 nm red shift of the plasmon peak recorded 
successful conjugation of antibodies to NPs (top) and a 34 nm red shift for Au NRs (bottom).  
 
 
 
Figure S8: Brightfield, fluorescence and color combined images of cells incubated with NDs in the absence of 
serum and transfection reagents. NDs were observed to agglomerate on the cell surface. 
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Figure S9: Cells transfected with mitochondrial antibody-nanodiamond immunoconjugates were fixed and 
detected with a Cy5 conjugated secondary antibody specific for the mitochondrial antibody. In (a) the image 
shows Cy5 staining confirming the presence of the antibody. In (b) the fluorescence of the NDs is observed. In 
(c) the brightfield images are seen and in (d) the overlay image shows the colocalization of the NDs and the 
antibody. Yellow /orange spots indicate colocalization whilst green spots indicate no conjugation. It is important 
to note that after fixing cells with formaldehyde, the fluorescence of NDs was drastically reduced. Consequently, 
NDs were evaluated for live cell imaging. 
 
 
Figure S10: (a) UV vis spectra of 20 nm diameter Au NPs (black) and NPs conjugated to mitoTGFP and PEG 
(green), mitoTGFP (blue), PEG (red). A 2 nm and 6 nm red shift in the plasmon resonance peaks was observed 
upon adsorption of PEG and mitoTGFP respectively. (b) shows agarose gel analyses of conjugates. Lane 1 
depicts Au NPs conjugated to PEG, lane 2 Au NP conjugated to mitoTGFP and Lane 3 Au NP conjugated to 
mitoTGFP and PEG. Au NPs with PEG migrate faster than Au NPs conjugated to mitoTGFP. In lane 3, Au NPs 
with mitoTGFP and PEG migrate a bit faster probably due to the OH groups on PEG, which make the conjugates 
slightly negatively charged. Conjugates were run on 0.5 % agarose gel at 8 kV per cm. 
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Figure S11: STEM image of a HeLa cell showing the PULSin™-mediated uptake of Au NP conjugates. The 
different morphologies of the vesicles containing Au NP conjugates suggest that the conjugates might be taken 
up through macropinocytosis and caveolar mediated endocytic pathways. Au NPs appear to be associated with 
PULSin™ upon uptake. The scale bars are 5 µm, 1 µm and 500 nm for a, b and c, respectively. 
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Figure S12: Cell proliferation of JIMT-1 cells transfected with Au nanoparticles and Au nanoparticle conjugates 
using oligosaccharide modified dendrimers. A high OD value represents an increase in the number of viable cells 
and is proportional to an overall increase activity of mitochondrial dehydrogenases in the sample. The high OD 
values result from the cleavage of the tetrazolium salt WST-1 by cellular enzymes results in the formation of a 
formazan dye which be spectroscopically measured at 450 nm. Hence, an increase in the amount of formazan 
dye formed is proportional to the number of metabolically active cells in the culture. Cells transfected with the 
dendrimer alone showed comparable metabolic activity as control cells incubated with only media. Transfection 
with mitoTGFP showed a significant increase of metabolic activity. When transfected with Au NS (20 nm) or 
Au NR 639 were transfected in JIMT-1 cells there was no significant difference of the metabolic activity of 
transfected cells with control cells. Finally, conjugation of mitoTGFp to Au NPs slightly decreased the metabolic 
activity of transfected cells. Incubation of cells with staurosporine, a known toxin showed the lowest metabolic 
activity. 
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Figure S13: (a) HeLa cell transfected with mitochondria antibody functionalized Au NSs (50 nm). The cell was 
fixed 24 hours after transfection. (b) A magnified image of the same cell showing agglomerates of Au NPs as 
well as dispersed Au NS conjugates associated with dark grey stained organelles, which may be mitochondria. In 
(c) the upper arrow points to agglomerates of Au NS conjugates, which seem to be associated with an organelle 
or a vesicle, whilst the lower arrow points to disperse Au NS conjugates associated with a lipid rich organelle, 
most probably permeabilized mitochondria. PULSin™ was not visible 24 hours after transfection. 
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Figure S14: (a and c) Images of breast cancer cells transfected with mitoTGFP-Au NSs (20 nm) using 
oligosaccharide modified dendrimer as a transfection reagent. In (b) and (c), magnified images of the parts 
marked with a rectangle in (a) or (c) respectively. The black spots represent Au NPs. In (b) the NPs appear to be 
contained in a partly disrupted vesicle and in (d) some NPs appear not to be enclosed in a vesicle. Close to the 
NPs is an image of a disrupted vesicle (blue arrow). The white arrow in (c) indicates a mitochondrion 
 
 
 139
 
Figure S15: (a) Images of breast cancer cells transfected with mitoTGFP functionalized Au NSs (20 nm) using 
oligosaccharide modified dendrimer as a transfection reagent. (b) Is a magnified image of the part marked with a 
rectangle in (a). The black spots represent Au NPs. In (b) the NPs appear to be associated with mitochondria, the 
dark grey structures composed of an outer and a folded inner membrane. Similarly, (c) is a magnified image of 
the marked part in (b) and shows NPs inside a mitochondrion. The NPs appear to disrupt the outer membrane 
mechanically upon entry into mitochondria (see arrow). 
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Figure S16: (a-c) Breast cancer cells transfected with mitoTGFP- Au NPs (50 nm) using oligosaccharide 
modified dendrimer Stp 1791 as a transfection reagent, and thereafter stained with mitochondrial stain JC-1. In 
(d-f) cells were not transfected. Fluorescence images (a and d) show a typical mitochondrial staining for both 
transfected and untransfected cells. Brightfield images show the presence of black spots inside transfected cells 
(b), which are not observed in untransfected cells (e). These black spots were assumed to be agglomerates of Au 
NPs. Overlay images could not colocalise Au NPs with mitochondria in transfected cells (c) due to the low 
resolution of the microscope. In (f) the overlay of the fluorescence and the brightfield image for untransfected 
cells is depicted. The scale bars are 10 µm for (a-c) and 25 µm for (d-f).  
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